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Cu2ZnSnS4 (CZTS) based films have attracted increasing attention as a 
sunlight absorber for photovoltaic applications, because of their comparable 
properties with the successful Cu(In,Ga)Se2 (CIGS). Furthermore, their 
advantage in the cost of raw materials makes them more promising when a 
large scale production is anticipated. Although significant progresses have 
been achieved in the CZTS based solar cells, there is still a big margin to catch 
up with their CIGS counterparts. And the phase instability issues have been 
demonstrated to be a severe problem that degrades the device performances. 
However, the comprehensive studies on these problems are yet to be well 
established. To obtain a deeper understanding on the mechanisms of the phase 
instability and prepare device quality CZTS based films, systematic 
experimental studies and theoretical analysis on the phase decomposition and 
secondary phase segregation as well as the impacts of precursor adjustments 
on CZTS based films formation were conducted in this thesis. In addition, 
efforts were also made to fabricate a CZTSSe based solar cell device.  
CZTS decomposition problems were studied through carefully designed 
temperature dependent annealing experiments. In addition to the expected Sn 
loss phenomena, more theoretical insights into the Sn loss and various phase 
changes were revealed. By applying kinetic analysis, an equimolar-isobaric 
mode transition was demonstrated during the process of Sn loss. In order to 
VII 
 
avoid the Sn loss and keep CZTS stable, a relatively high annealing pressure is 
required, since a correspondingly high temperature (>500°C) is needed to 
activate effective grain growth. Therefore, a two-step growth strategy for 
CZTS based films can be proposed, which includes a low temperature 
precursor deposition and a high pressure post-annealing.  
By applying this film deposition strategy, the Sn loss problem was 
successfully overcome. However, the secondary impurity phase segregation 
problems arise when annealing precursors with various compositions. A 
temperature dependent annealing and thermodynamic analysis were applied to 
study related reactions, which presented convincing explanations on the film 
formation mechanisms. To achieve a secondary-phase-free CZTS based film, 
near-stoichiometric metal contents and an annealing temperature above 500°C 
were normally required.  
In addition to the metals’ influences, the impacts of sulfur in precursor were 
also explored. Comparative studies were conducted on the CZTSe and 
CZTSSe films prepared by selenization of co-evaporated metallic and 
sulfur-contained precursors. Intense metal atom migrations, formation of big 
binary grains and thick MoSe2 interfacial layers were observed in the CZTSe 
case. However, the incorporation of sulfur was found to suppress the metal 
migrations and the growth of Mo(SSe)2 layer. Therefore, the sulfur 
incorporated sample possessed a much better film adhesion and comparable 
elastic modulus values to the theoretical simulation.   
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A CZTSSe based solar cell device with a power conversion efficiency of 5.2% 
was successfully fabricated. While its small open-circuit voltage and large 
series resistance were attributed to the relatively low efficiency, a better 
understanding on the properties of the CZTSSe layer and its contact interfaces 
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Chapter 1 Introduction 
 
1.1 Research background of Cu2ZnSnS4  
Energy and related environmental problems have attracted much attention of 
the international community in the past decades and will still stay as one of the 
top issues in the foreseeable future. Worldwide energy consumptions in last 
century and next decades are estimated and summarized in Figure 1.1. [1]  
 
Figure 1.1 Worldwide energy consumption (Adapted from [1]). 
 
The traditional fossil fuels, such as coal, oil, natural gas and so on, took the 
most part in the past and there will still be an increasing demand on these fuels. 




crisis, renewable and green energies are required to participate into the energy 
supply.  Renewable energy provides 9% of total electricity generation 
worldwide. Among them, solar energy accounts for 0.1% (2011) and 0.25% (2012) 
in total USA energy consumption. The global photovoltaic (PV) market reached 
31GW total in 2012 compared to 170 MW in 2000. While the absolute number is 
still small among other renewable sources, solar PV market shows a more 
significant increase. Nowadays, although many practical applications of solar 
cells have been realized and a new industry is emerging, it is still far away to 
fill up the daily electricity supply, because of its higher effective energy cost 
compared with the traditional energies.   
Thin film solar cell will consume less raw materials due to its reduced 
thickness and various materials and technologies can be adopted to fabricate 
this type of solar cell, thus it is considered as the second generation of solar 
cells. According to the absorber materials, thin film solar cells can be mainly 
categorized into Si, CdTe and Cu(In,Ga)Se2 (CIGS) based devices. The power 
conversion efficiency of a solar cell is a critical parameter that is normally 
used to evaluate the cell performance, and the best laboratory solar cell 
efficiencies obtained by different technologies are plotted in Figure 1.2. [2] It 
can be seen that the Si based thin film solar cell has the highest efficiency of 
13.4% using amorphous Si absorber reported by LG Electronics. The highest 
efficiency obtained in CdTe thin film solar cell is 21% from First Solar. The 




among these thin film solar cells. 
 
Figure 1.2 Best laboratory solar cell efficiencies. Data compiled by National 





However, challenges still exist in these devices. For example, the amorphous 
Si based devices have severe instability problems that degrade the device 
performances. The toxic components in CdTe based devices highly increase 
their safety and waste treatment costs. And the expensive elements, like In and 
Ga, in CIGS block its mass production in the future. Therefore, it is highly 
required to explore other candidates involving low cost materials to serve as 
solar cell absorbers. 
 
 
Figure 1.3 The earth crust content and the price of the elements used in CdTe, 
CuInSe2 (CIS) and CZTS based thin film solar cells (Adapted from [3]). 
 
The earth crust content and the trading price of the elements used in CIS and 
CdTe as well as CZTS light absorbers are illustrated in Figure 1.3. The 
abundance of Zn and Sn in earth’s crust is found 1500 times and 45 times 
greater than that of In. And the price of In is almost two orders of magnitude 




controlling for Cd used in CdTe based solar cell, CZTS based materials are of 
great advantage in raw materials’ cost. Moreover, CZTS also shares 
comparable physical properties with the successful CIGS system, which 
makes it reasonably possible to be considered as a good candidate to compete 
with CIGS. In fact, the development of CZTS can also be found in Figure 1.2 
as one emerging PVs in recent years. Although its efficiency (~10%) is still far 
below CIGS, this material deserves more attention and study, when 
considering its short development duration and promising properties. 
 
1.2 Basic properties of CZTS  
1.2.1 Crystal structure of CZTS 
 
Figure 1.4 Schematic representation of the kesterite CZTS (Adapted from [4]). 
 
Cu2ZnSnS4 is generally crystallized in the kesterite structure as shown in 
Figure 1.4. From both experimental and theoretical aspects, the kesterite 




formation energy. A tetragonal cell with a=5.427Å and c=10.871Å (PDF 
#26-0575) can be indexed to the kesterite CZTS. [4, 5] Its selenide counterpart, 
Cu2ZnSnSe4 (CZTSe), belongs to the same crystal group with lattice constants, 
a=5.693 Å and c=11.333 Å (PDF #52-0868). The lattice parameter values of a 
hybrid Cu2ZnSn(S1-xSex)4 (CZTSSe) system is calculated and shown in Figure 
1.5. [6] The CZTSSe phase is often employed to fabricate devices as well, due 
to its tunable properties. 
 
 
Figure 1.5 Lattice parameters a and c of Cu2ZnSn(S1-xSex)4 as a function of Se 
fraction x (Adapted from [6]).  
 
1.2.2 Electrical properties of CZTS 
The resistivity of CZTSSe thin films was found to vary in a large range from 
7.0×10
−3Ωcm to 1.4×104Ωcm and depend on Cu component and Se/S 
ratio.[7-9] Although experimental studies on the defects in CZTSSe were 




characterization, [10-12] the defect physics are mainly studied by 
simulations.[4, 13, 14] According to the calculated results in Figure 1.6, CuZn 
antisite and Cu vacancy (VCu) have relatively low formation energies among 
all the possible intrinsic defects. Meanwhile, the transition-energy level 
position of Cu vacancy is calculated to be 0.02eV above the valance band 
maximum (VBM), which exhibits the shallowest accepter level among the low 
energy intrinsic defects. Therefore, the CZTSSe film has a p-type 
semiconductor’s behavior and its resistivity is sensitive to Cu content. In 




Figure 1.6 The transition-energy levels of intrinsic defects in the band gap of 
Cu2ZnSnS4 (Adapted from [13]). 
 
In order to study the transport mechanisms in CZTSSe based films, 
temperature dependent resistivity measurements were carried out. [17-19] It 




(VRH), Efros–Shklovskii VRH, nearest-neighbor hopping and thermionic 
emission over grain boundary, may contribute to the carrier transport process.  
 
1.2.3 Optical properties of CZTS 
Cu2ZnSnS4 thin film has a direct band gap around 1.5eV and a high optical 




in the visible light region.[8, 20-22] In 
addition, it’s established that the hybrid CZTSSe system exhibits a great 
flexibility to tune the band-gaps (1.0~1.5eV) by adjusting the ratio of sulfur 
over selenium. [23-25] A calculated band structure of kesterite CZTSSe and 
band gap variation with respect to Se/S compositions are presented in Figure 
1.7. [4, 24] Experimental results were also reported, which agreed with the 
theoretical predictions quite well. [23, 26, 27] 
 
 
Figure 1.7 (a) The calculated band structure of kesterite CZTS and (b) the 
calculated band gap of Cu2ZnSn(S1-xSex)4 at different composition Se/S 





1.3 CZTS based solar cells 
1.3.1 Device structure of CZTS based solar cell 
 
 
Figure 1.8 Sketch of a CZTS solar cell device structure. 
 
Because of the similarity of CZTS and CIGS, so far, the CZTS based solar 
cells mainly follow the device structure of the CIGS solar cells as shown in 
Figure 1.8. Normally, a molybdenum (Mo) metal layer is deposited on glass 
substrate as the back contact. A 1~2μm thick CZTS film is then prepared as 
the p-type light absorber on the Mo layer. After that, a thin CdS layer with a 
thickness around 50nm is grown on the CZTS layer by chemical bath 
deposition. Then, an intrinsic ZnO buffer layer and a transparent conducting 
oxide are deposited on top by sputtering. Finally, patterned front metal 
contacts are made to complete the device. An anti-reflection layer (MgF2) can 
also be deposited to further improve the performance. Therefore, the CZTS 
and CIGS cell is just constructed as a typical p-n junction film solar cell 





1.3.2 CZTS fabrication and device performance  
Two major fabrication strategies are applied to obtain a CZTS layer. One is to 
synthesize CZTS particles first and then transfer these particles to a substrate 
and form the CZTS layer through post-annealing. CZTS particles can be 
synthesized by many methods. Riha et al., [29] Guo et al. [15, 22] and Haas et 
al. [30] prepared CZTS based nano-crystals by a hot injection method. Zhou et 
al. [31], Zaberca et al. [32] and Xu et al. [33] reported CZTS particle synthesis 
through a solvothermal method. Mechanical ball milling was used to get 
CZTS particles by Wibowo et al. [34] and Wang et al. [35]. Besides, other 
solid-state reaction method was also developed to produce CZTS powders. [36, 
37] After the particle synthesis, ink precursors are generally prepared to 
transfer the materials to form a film. There are several technologies, such as 
spin coating, [38, 39] doctor blade, [15, 22] printing [40] and spray coating, 
[41] were reported to fulfill the purpose.  
The other fabrication strategy is a direct growth of CZTS film on the substrate. 
Within this category, two types of methods are utilized, one is solution based 
and the other is vacuum based. Todorov et al. [25] developed a hydrazine 
solution route to achieve high quality CZTS based films. Besides, CZTS 
precursor films were also prepared from chemical solutions through 
electrochemical deposition, [42, 43] chemical bath deposition [44] and spray 
pyrolysis [45, 46]. For the vacuum based technologies, thermal evaporation, 




applied to deposit precursor films for CZTS based solar cell application. 
Principally, a post-annealing or sulfurization step is always required to 
generate a dense CZTS layer with big grains, no matter what kind of method is 
used to prepare the precursor films.  
Currently, the CZTS based solar cell device is still at the lab research stage. So 
far, the highest efficiency (12.6%) is achieved by the hydrazine solution 
method.[47] Besides, the ink coating with nanoparticles prepared by hot 
injection also achieved efficiency values around 9%. [48, 49] Over 8% 
efficient cells were obtained through the co-evaporation technology. [50, 51] 
By using electrochemical deposited alloy precursors, CZTS based devices 
with efficiency values around 7% were also reported.[28, 52] Even though an 
increasing trend of the efficiency values for the CZTS based devices can be 
reviewed during recent years, it is still unsatisfactory for practical application. 
And there is a big improvement margin to its theoretical efficiency limit 
(>30%). To understand the problems that limit the performance of CZTS 
based solar cells, a deep study on the material itself becomes quite necessary.  
 
1.4 Problem statement and Motivation 
Serious phase instability problems in a CZTS system, like Sn loss and 
secondary phase segregation, arise when employing vacuum deposition and 




films for photovoltaic applications, efforts are required to study the phase 
formation and segregation mechanisms during film growth.  
1.4.1 Phase decomposition issue in CZTS  
Because of the similarity of CZTS and CIGS, it becomes very effective to 
imitate the successful case of CIGS when we study CZTS based solar cells. 
From the very basis, the major difference between CZTS and CIGS in 
composition is two metal elements, i.e. Zn and Sn. Unfortunately, this 
difference causes serious stability problems in CZTS that didn’t occur in the 
CIGS system. In experiments, both Zn and Sn were found easy to get lost 
during CZTS film deposition or post-annealing, especially in a vacuum based 
procedure. The observation of Zn loss was reported in a vacuum deposition or 
sulfurization with a relatively high temperature. [53] Severe Sn loss generally 
happened when depositing or annealing S or Se contained precursors. [54-56] 
For those Zn or Sn loss during film deposition at a high substrate temperature 
can be avoided by lowering temperature. However, the post-annealing is an 
essential step to accomplish the big grain growth and bulk film formation for 
the photovoltaic devices, requiring a high temperature that may result in a 
decomposition of CZTS. This certainly turns to be the first challenge before 
we can make a CZTS based solar cell device.  
In literatures, a single-step decomposition reaction model was proposed to 




model was established which emphasized the solid-vapor transition of SnS 
where the instability of Sn
4+
 was claimed to be the driving force for the 
decomposition.[56] In both reaction models, Sn was the only active metal 
being considered and its valance alternation was assumed to be totally 
compensated by the corresponding valence change of sulfur. It should be noted 




, which should 
allow it to participate in the oxidizing and reducing reactions. In practice, 
binary copper sulfide phases (other than Cu
1+
) were already found in some 
near stoichiometric Cu-contained absorbers including CZTS. [57-59] In 
addition, effective thermoelectric effects have been found in CZTS based 
materials. [60-62] Thus, a non-uniform carrier (hole in CZTS) distribution, i.e. 
non-uniform oxidative environment, can possibly exist under a directional heat 
field. Like many Cu-contained p-type materials, the dominant acceptors in 
CZTS are intrinsic Cu defects (Cu vacancy and CuZn antisite) due to their 
small formation energies and shallow state levels to the valance band. [13, 63] 
Furthermore, Cu vacancies have a tendency to transfer and coalesce to large 
voids under a bias potential, such as an electrical field or an oxidative 
environment. [64-66] As a result, a directional heat field may introduce some 
unbalanced potentials to drive Cu vacancies or Cu ions to move and 
redistribute along the field direction, and it is desirable to study whether such 





s of phase decomposition in CZTS becomes very necessary to reveal the 
chemical origins for the instability issue.  
 
1.4.2 Secondary phase segregation issues in CZTS 
 
 
Figure 1.9 Isothermal section of the Cu2S-SnS2-ZnS system at 670K (Adapted 
from [67]). 
 
In addition to the phase decomposition of CZTS at a high temperature, there is 
the other aspect of the phase instability issues, which is the secondary phase 
segregation during CZTS film formation. Theoretical simulations on the phase 
formation of CZTS revealed that small potential regions are available for this 
material to stay as a stable phase.[13, 14, 63] A phase diagram of CZTS at 




CZTS can be found in the diagram, which indicates a precise composition 
control is required to obtain a stable CZTS phase. Without surprise, the 
secondary phases are easily observed during CZTS film deposition in 
literatures. [57, 68-72] Meanwhile, these secondary phases are believed to 
have negative influences on the performance of a photovoltaic device. Thus, to 
avoid these secondary phase formation or eliminate them after the film growth 
becomes an essential requirement.  
To deal with the secondary phase formation issues of CZTS(e), we need to 




 anions together 
with binary and ternary phases being involved, which makes the analysis quite 
complicated. Scragg et al. [56, 64] studied the phase formation of CZTS films 
and its thermal stability. Yoo et al. investigated the formation reactions of 
CZTSe films from an intermetallic precursor. Fairbrother et al. [73] carried out 
a detailed work on the formation of Zn-rich CZTS films. As a result, some 
chemical insights and detailed formation processes have been obtained about 
the quaternary CZTS(e) systems. Moreover, the non-stoichiometric precursor 
composition was found to cause secondary phase precipitation. At the same 
time, post annealing conditions also have important influences on the phase 
formation. However, behind all these phenomena, there lacks a deep 
understanding on the reaction mechanisms, such as the movements of different 
metal species, reasons for the detailed reaction sequences, locations of the 




phases is far from understanding and worth more research, because an 
understanding of it can make the removal of such phases possible by methods 
such as chemical etching etc. [59, 74-77] The insights of such phenomena are 
essential for the improvement of film deposition procedures and the reduction 
of untreatable secondary phase segregation. Furthermore, because the S-Se 
coupled CZTSSe system with tunable bandgaps is more suitable for 
photovoltaic device fabrication than either CZTS or CZTSe, it will be of more 
practical value to study the secondary phase issue in CZTSSe films, although 
the secondary phase problem mainly concerns about the metallic elemental 
compositions regardless of the formation of sulfides in CZTS or selenides in 
CZTSe.  
 
1.4.3 Impacts of sulfur-incorporated precursors on the CZTS based 
films  
Sulfur incorporation into the precursor was reported to influence CZTSSe film 
growth during post-annealing. [9, 78] However, to the best of our knowledge, 
there is no report on the study of sulfur incorporated CZTS precursors to 
suppress the formation of Mo(S,Se)2 layer and the improvement of the CZTS 
film adhesion and mechanical properties. It would be quite necessary and 
interesting to investigate the impacts of sulfur incorporation in CZTS 





As a candidate for the light absorber in a thin film solar cell, in spite of the 
widely studied film growth, electronic and optical properties, [17, 73, 79, 80] 
the mechanical properties such as film adhesion, elastic modulus and hardness 
are also of great importance to a CZTSSe film system, but which are 
nevertheless rarely reported. Although the elastic modulus of a CZTSSe 
system has been calculated theoretically, [76, 81] an experimental 
measurement is unfortunately lacking. Besides, few quantitative studies on the 
adhesion performance of CZTSSe films can be found in literature.  
In another aspect, the formation of a Mo(S,Se)2 layer between the CZTSSe 
film and the conventional Mo substrate during post sulfurization or 
selenization were believed to degrade device performance. [16, 82, 83] Due to 
its lubricant nature, this layer should also affect the film adhesion. Even 
though several foreign buffers were introduced to reduce Mo(S,Se)2 layers,[51, 
84, 85] it is, if possible, more practically valuable and economic to suppress 
the Mo(S,Se)2 layer through proper precursor employment in device 
fabrication.  
 
1.5 Objectives and Outline of this thesis 
The main objective of this work is to have a better understanding and control 




Referring to the problems stated above, the decomposition behavior and 
mechanisms of CZTS will firstly be studied. Then, a composition dependent 
film growth study will be conducted on a hybrid CZTSSe film on glass 
substrate to address the secondary phase formation issues. In this part, beside 
to obtain a secondary phase free CZTSSe film, the detailed reaction 
mechanisms will also be explored. Thirdly, CZTSSe films on Mo substrate 
will be studied to reveal possible influences of different sulfur contents in 
precursors on the interface formation. At last, some efforts will also be made 
to fabricate CZTS-based solar cell devices.  
The whole thesis is consisted of 7 chapters. An introduction of the background 
and literature review is presented in Chapter 1. In Chapter 2, experimental 
methods to prepare CZTS based films and major characterization techniques 
used in this work are briefly described. Chapter 3 presents the study on the 
decomposition behavior and mechanisms of CZTS through a temperature 
dependent annealing and kinetic analysis route. A deeper understanding on the 
temperature-pressure related vaporization process in the CZTS decomposition 
is achieved, which is fundamental for the research work presented in other 
chapters. Chapter 4 studied the secondary phase formation in CZTSSe films 
grown on glass substrates by using precursors with different compositions. 
Temperature related selenization studies and thermodynamic analysis are 
conducted to reveal the phase formation details and chemical insights during 




precursors on the film growth, interface formation and mechanical 
performances of CZTSSe films on Mo substrate. In Chapter 6, photovoltaic 
devices based on CZTSSe films prepared are fabricated, and a power 
conversion efficiency value of 5.2% is achieved. Finally, Chapter 7 
















Chapter 2 Experimental methods 
 
2.1 Introduction 
In this chapter, two material preparation methods utilized in this thesis will be 
presented, which are chemical solution pyrolysis and thermal evaporation. 
Then, various material and device characterization techniques applied in this 
work will be introduced. Specific experimental details will be provided in later 
relevant chapters. 
 
2.2 Material fabrication methods 
2.2.1 Solution pyrolysis  
Solution pyrolysis is a well-developed method to fabricate many kinds of 
sulfides materials, such as CuS, ZnS, SnS, Cu2SnS3 and so on. [86-89] It has 
great advantages of low cost, chemical flexibility and convenient composition 
control. In practice, aqueous solutions of metal salts and sulfur contained 
organic solutes are prepared as precursors. Then, thermal treatment is carried 
out to evaporate the solvent and generate concentrated products with 
metal-organic complex, which will decompose to the targeted materials and 
gaseous byproducts by further heating. A summarized chemical reaction in 




which metal chloride salts and thiourea, SC(NH2)2, are used as the metal and 
sulfur source, respectively. [45] In addition, a spray method can easily be 
developed based on the pyrolysis procedure to deposit thin film samples, 
including CZTS based films. [90, 91]  
2 4 2 2 2 2 4 4 22 4 ( ) 8 8 4CuCl ZnCl SnCl SC NH H O Cu ZnSnS NH Cl CO        
(2-1) 
In this work, an aqueous solution with copper (I) chloride (CuCl, >97%), zinc 
(II) chloride (ZnCl2, >98%), stannic chloride pentahydrate 
(SnCl4·5H2O, >98%) and thiourea (SC(NH2)2, >99%) was used to prepare 
CZTS with Cu:Zn:Sn =2:1:1. An excess amount of thiourea was required to 
prevent the precipitation of thiourea complexes of metal chlorides and 
compensate a possible sulfur loss in the thermal process. [45, 91] The 
transparent solution was slowly evaporated around 80˚C on a hot plate until 
the solution became a yellow gel. The gel was then transferred to a quartz boat 
and heated at 200˚C for 1 hour and then 300˚C for 8 hours in vacuum. Black 
CZTS powders were then obtained, grinded and pressed to round pellets for 
later decomposition studies discussed in Chapter 3.  
 
2.2.2 Thermal evaporation and annealing  
As mentioned in Chapter 1, many vacuum based technologies have been 




evaporation is one well established method. A thermal evaporation system is 
introduced to prepare CZTS precursors in this work. After that, a sulfuriztion 
or selenization process is applied to finish formation of CZTS based films. 
Herein, the thermal evaporation system and annealing systems will be 
introduced below. 
Firstly, let’s go through the basic working principles of thermal evaporation. 
Two basic processes are involved in the thermal evaporation deposition. One 
is that the solid source material is heated up and transferred to a gaseous state. 
The other process is a re-solidification of the gaseous materials when they 
arrive at a substrate at relatively low temperatures. It is noted that evaporation 
takes place in vacuum, which provides a vacant ambiance for the evaporated 
particle to travel with a long mean free path. Therefore, the thermal 
vaporization process relies much on the environmental pressure and the nature 
of source materials. A saturated vapor pressure database has been generated 
according to experimentally measured relationship between the pressure and 
temperature for a given material. [92] The vapor pressure curve gives the 
minimum temperature needed to evaporate a material at a fixed vacuum. The 
evaporation rate can be adjusted by temperature control. Therefore, we need to 
find out the vapor pressure data of relevant elements involved in this work, 
including Cu, Sn, Zn, S and Se. In Figure 2.1, their vapor pressure curves are 






Figure 2.1 Saturated vapor pressure curves for Cu, Sn, Zn, S and Se, 
respectively (Adapted from [93]). 
 
When the source material is vaporized, the gaseous matter with extra kinetic 
energy will travel in a vacuum chamber following the cosine distribution. For 
an ideal small source and planar receiving surface, the incident flux can be 








                                             (2-2) 
in which A, h and  represent the area of source, distance between source and 





                                               (2-3) 
where P, m, T and k are the pressure, mass of particles, temperature and 
Boltzmann’s constant, respectively. Thus, we can find that the evaporation rate 




At last, the vapor arrives and condenses at a substrate. During this process, 
various energies exchanged between the gaseous material and substrate and 
transferred in re-solidification and crystal growth of condensed material also 
play an important role to the deposition rate. [95] In addition to the intrinsic 
properties of the source material and substrate, the temperature of substrate 
influences film formation quite a lot, especially in the case consists of several 
different species, like CZTS.    
 
 
Figure 2.2 (a) The photo and (b) schematic diagram of the four-source thermal 
evaporation system applied in this work. 
 
A thermal evaporation system is used in this work to fulfill precursor 
deposition for CZTS based films. The picture and schematic diagram of the 
system is shown in Figure 2.2. In Figure 2.2(b), four effusion sources are 
placed in the vacuum chamber, whose temperatures can be individually 
controlled by tuning their electrical power supply. The temperature can be 
elevated up to 1500°C with an accuracy of 1°C. A substrate holder hangs on 




deposition. The substrate is not purposely heated in this work, since a high 
substrate temperature can cause re-evaporation of some volatile components in 
CZTS. The vacuum of the system can be pumped to 510-5Pa within 8 hours. 
In the present study, this system can realize a co-evaporation of three or four 
source simultaneously. The substrates used in this work are commercial glass 
and Mo-coated glass. A standard substrate cleaning is always applied before 
deposition that employs ultrasonic bath wash in Micro 90 solution, acetone 
and ethanol for 15min in turn.  
 
 
Figure 2.3 Schematic diagrams of the annealing systems used in this work: (a) 
tube furnace and (b) hot plate. 
 
After the precursor deposition, a post annealing step is proceeded to allow 
further sulfurization or selenization to finish film growth incorporating 
sufficient sulfur or selenium content as the targeted CZTS based films needed. 




are also achieved in this post-annealing. In addition to a high temperature, an 
inert environment is required during post-annealing, because oxidation should 
be avoided when generating a sulfide or selenide film. Thus, a pump system 
and an inert gas supply are also essential in the annealing equipment. 
In this work, a tube furnace system with a turbo pump station and Ar gas 
supplying is utilized to anneal thin film samples. Its schematic diagram is 
shown in Figure 2.3(a). A high temperature above 1100°C can be reached that 
is sufficient for the targeted temperature in this case (<700°C). In the 
experiments, the precursor samples and S/Se sources are placed into a carbon 
box with screw-tight cap, which is used as a secondary container in the quartz 
tube. The other annealing system with a plate heating element in Figure 2.3(b) 
is also applied to create a different heat field from the tube furnace. Equivalent 
pumping and gas supplying are equipped in this system, and it is used to study 
decomposition phenomena of CZTS in Chapter 3.  
 
2.3 Material characterization methods  
2.3.1 X-ray diffraction (XRD) and Raman spectroscopy  
X-ray diffraction (XRD) is a widely used technology to determine crystal 
structures by indexing the diffracted intensity and angles of an X-ray beam 
interacted with a material to certain recorded standard patterns in the database. 




(ZnS and Cu2SnS3) with CZTS, the information obtained from XRD will not 
be sufficient to distinguish the phases. Then, Raman spectroscopy is employed 
to help phase determination. 
Raman spectroscopy is a commonly used spectroscopic technique to observe 
vibration or rotation modes in a material by working with a 
monochromatic light, usually from a laser source. The energy of the laser 
photons can be shifted through interactions with molecular excitations, such as 
vibrations, rotations and phonons, in the material system. The recorded Raman 
scattering intensity and shifts provide information about the vibrational modes 
in the tested material. By comparing measured Raman spectra with standard 
data from well crystallized samples or simulated results, phase identifications 
can be realized.  
 
 
Figure 2.4 Pictures of (a) the XRD and (b) Raman systems used in this work. 
 
In this work, a XRD system (BRUKER D8 ADVANCE) operated with CuKα 
radiation (λ= 0.154060nm) at 40 mA and 40 kV is applied to collect the 




the International Centre for Diffraction Data (ICDD) is used to conduct the 
phase indexing. The Raman spectroscopy system (LabRam HR800) with a 
532nm laser source is utilized to measure the Raman shift profiles. The XRD 
and Raman systems used in this work are presented in Figure 2.4. The powder 
sample is pressed to a pellet for XRD and Raman tests, and the thin film 
sample is characterized as prepared. 
 
2.3.2 Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM)  
Scanning electron microscopy (SEM) is one kind of electron microscope that 
can provide surface topography images of a sample. The sample surface 
interacts with accelerated electrons from an electron gun and sends out various 
signals that can be recorded by different detectors. Normally the signal from 
the secondary or backscattered electrons is detected to generate a magnified 
scanning image of electron intensities in the measured area. A field-emission 
cathode source generally provides a better image resolution than conventional 
SEM with thermally excited electron beam.  
Transmission electron microscopy (TEM) is another kind of electron 
microscope that can provide images and electron diffraction patterns of a 
sample. In this technique, high energy electrons transmit through an ultra-thin 




beams can be recorded to reveal micro-morphologies or crystal structures of 
the tested sample. An atomic scale resolution image can be achieved by TEM 
due to the small de Broglie wavelength of a high energy electron. Thus, a 
high-resolution TEM (HRTEM) image can provide lattice information, which 
makes it possible to visualize crystal phases or defects directly. In addition, 
selected-area electron diffraction patterns can also give information on crystal 
orientation and lattice spacing, serving as an alternative to XRD or Raman to 
analyze structural properties of a material, especially in a very small scale.   
 
 
Figure 2.5 Pictures of (a) the SEM and (b) TEM systems used in this work. 
 
In this work, an FE-SEM with multiple accelerating voltages and detectors 
(Zeiss Supra 40) is used to characterize the surface and cross-section 
morphologies. Normally the as prepared sample surface and fresh broken 
cross-section area are applied in the test without gold sputtering. An 




electrons (SE), in-lens SE and back scattered electrons (BSE), are properly 
selected to collect the SEM images under an atmosphere pressure less than 
510-5 mbar. A TEM system (JEOL 100CX 2010F) with accelerating voltage 
of 200 kV is utilized to capture TEM and HR-TEM images and diffraction 
patterns of the CZTS related samples. The pictures of the SEM and TEM 
systems used in this work are presented in Figure 2.5. For the powder sample, 
it is transferred to a copper grid sample holder by dropping ethanol solution 
that contains sample powder onto the holy carbon coated grid. For a thin film 
sample, a focused ion beam (FIB) method is performed to prepare 
cross-section TEM sample.  
 
2.3.3 Energy dispersive X-ray spectroscopy (EDX), X-ray 
photoelectron spectroscopy (XPS) and Secondary ion mass 
spectrometry (SIMS)  
Energy-dispersive X-ray spectroscopy (EDX) is a convenient analytical 
technique for elemental analysis. The fundamental principle of this technique 
relies on the specific atomic structure of each element, which can be 
demonstrated as characteristic X-ray spectra. Normally, an electron beam with 
elevated energies, i.e. accelerated by a relatively high voltage, interacts with a 
sample to stimulate characteristic X-rays emission. During this process, 




leaving electron vacancies. Then, electrons from a higher energy shell will fill 
the vacancy and release the extra energy as a form of X-ray. Unique allowing 
states of each element give rise to specific X-ray energies, which can be 
detected. In this way, the elemental information inside a specimen can be 
obtained. EDX accessories are often together with a SEM or TEM system, 
which allows elemental characterization in a selected area.  
X-ray photoelectron spectroscopy (XPS) is another composition analysis 
technique, which not only gives elemental identifications but also reveals 
chemical or electronic states of the elements in the tested sample. Principally, 
a X-ray beam is used to irradiate at a sample, while the kinetic energy and 
number of electrons escaped from the surface are measured and recorded. The 
number of electrons detected is then plotted versus binding energy in a typical 
XPS spectrum. Each element can produce characteristic peaks at 
certain binding energies that allow direct identification of elements contained 
in the analyzed material. Besides, these characteristic peaks also demonstrate 
the details of electron configurations within an atom, e.g., 1s, 2s, 2p, 3s, etc. 
Furthermore, atomic percentage values inside the tested sample are able to be 
normalized and analyzed, because the number of detected electrons in each of 
the characteristic peaks is directly related to the amount of element within the 
XPS sampling volume. It should be noted that unlike the penetration depth of 
around 1 m in EDX measurement, the characterized depth in XPS is only 




Secondary ion mass spectrometry (SIMS) is a technique to analyze the 
composition of a specimen by sputtering the surface with a focused 
primary ion beam and collecting and analyzing ejected secondary ions. A 
time-of-flight (TOF) spectrometer is widely used to analyze the secondary 
ions, which separates the ions in a field-free drift path according to their 
velocity. It is able to detect all generated secondary ions simultaneously. SIMS 
is also the most sensitive surface analysis technique, with elemental detection 
limits ranging from parts per million to parts per billion. However, due to the 
large variation in ionization probabilities among different materials, SIMS is 
generally considered to be a qualitative technique.  
 
 
Figure 2.6 The Pictures of the (a) XPS system and (b) SIMS system used in 
this work. 
 
In this work, an X-ray Energy dispersive spectroscopy (EDX, INCA, Oxford 




accelerating voltage of 15keV is chosen to run the EDX measurement, making 
sure all the relevant elements inside the sample can be excited. Except for 
elemental analysis on selected spots or areas, elemental distributions over 
certain space can also be achieved by a combined elemental mapping function 
in the same machine. Both top view surface and cross section view of film 
samples are measured without gold sputtering. A Kratos Axis Ultra DLD 
X-ray photoelectron spectroscopy (XPS) spectrometer with monochromatic 
AlKα (1486.69 eV) is operated to analyze the existence and chemical states of 
the elements in the prepared CZTS based samples. The High resolution XPS 
(HR-XPS) spectra are collected in a concentric hemispherical analyzer in a 
constant energy mode with pass energy of 20 eV and a step of 0.05 eV for 
narrow scan. The picture of the XPS system used in this work is shown in 
Figure 2.6. A TOF-SIMS system (TOF SIMS IV) with dual beam technique is 
applied in this work to perform elemental distribution profile analysis across 
the depth of film samples. A low energy sputter gun (Ar
+
) with energy of 3 
keV and current of 42 nA is raster over an area of 200mx200m for sample 
erosion and create the crater. High energy Bismuth ion (Bi
+
) gun with energy 
of 25 keV and current of 0.4 pA is used for the analysis over an area of 
100mx100m at the center of the crater created by the Ar+ beam. The 






2.3.4 Nano-scratch and indentation  
Film adhesion refers to the interfacial bond strength between coating and 
substrate, which is an important factor to evaluate film quality. [96-98] 
Experimentally, numerous techniques being developed to measure film 
adhesions according to different sample geometries, including simple scotch 
tape test, pull-off method, shock wave loading, indentation and scratch test.[97, 
98] Among them the scratch test is widely used to measure adhesion/cohesion 
strength of thin films on micro- and nano-scales, which was firstly proposed 
by Heavens. [99] It is a simple method in which a stylus is drawn across the 
film under ramp loading (increasing load) until a film failure occurs at a 
critical load as shown in Figure 2.7. The critical loads, normal load (F⊥) and 
lateral load (F∥), and failure modes reveal the adhesion performance and 
interfacial characteristics. [100-103]   
 
 
Figure 2.7 Schematic diagram of the nano-scratch measurement. 
 
Nanoindentation testing is a powerful technique for mechanical 




This technique measures the mechanical properties of a film through 
penetrating its surface with an indenter whose properties are already known. 
By continuously monitoring the load on the indenter and its depth into the 
sample, a displacement-load curve, consisting a loading and an unloading 
curves, can be obtained as plotted in Figure 2.8(a). Oliver and Pharr [105] 
have developed an analytical method to determine the mechanical properties 
directly from this displacement-load curve, in which the maximum load (Pmax), 
the maximum displacement (hmax) and contact stiffness (S=dP/dh) at initial 
stage in the unloading curve are essentially required. The reduced modulus (Er) 














                                                   (2-5) 
where A and β are the projected area of indenter-sample contact and correction 
coefficient and Pmax and Amax gives the maximum load and projected area of 
indenter-sample contact at the maximum load. In another aspect, the reduced 
modulus (Er) can also be expressed as  
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                                           (2-6) 
with ES, EI, S and I representing the modulus and poisson ratio of the tested 
sample and indenter, respectively. Considering equations (2-4), (2-5) and (2-6), 
the modules and hardness of the measured film can be determined from the 




indenter are known. [105, 106]  
In practice, the contact stiffness (S) can be measured by a continuous Stiffness 
measurement (CSM) method, which adds a harmonic force with a relatively 
high frequency to the increasing load (P) during test. [104-107] According to 
the indenting depth in the loading curve and parameters of the applied force, 
stiffness and hardness can be worked out. [107] It can provide continuous 
mechanical property variations with respect to penetration depth solely based 
on the loading curve. In this work, this method is also employed to measure 
the mechanical properties of the CZTS based films.  
 
 
Figure 2.8 (a) Typical load-displacement curve of nanoindentation experiment 
and (b) the picture of the Nano Indenter® XP system. 
 
In this work, a nano-indentation system (Nano Indenter® XP, MTS Corp. 
USA) is used to perform the scratch and indentation measurement as shown in 
Figure 2.8(b). A spherical sapphire indenter with radius of 1m is applied for 
both tests. The modulus and Poissons ratio of the indenter are 400GPa and 




scratch velocity of 2m/s and a loading speed of 0.25mN/s are selected as the 
testing parameters. The indentation test is carried out at the continuous 
stiffness measurement mode with harmonic displacement of 2nm and 
frequency of 45Hz, and an indentation depth limit of 1000m is applied. The 
loading and unloading curves together with elastic modulus and hardness 
changes versus the displacement into surface are automatically generated by 
the testing software.  
 
2.4 Solar cell device characterization  
The most fundamental solar cell characterization is to measure its efficiency 
and some other parameters. A current density (I) versus voltage (V) curve 
under a standardized sun light illumination gives critical parameters for a solar 
cell as depicted in Figure 2.9. [108] The relationships of the parameters, 
including short circuit current (Isc), open circuit voltage (Voc), fill factor (FF), 
maximum current (Im), maximum voltage (Vm), maximum power (Pm), 
incident power (Pi) and conversion efficiency (η), are presented in equations 

















Figure 2.9 Typical I-V curve of a solar cell performance measurement. 
 
In this work, the Newport’s new Oriel I-V test station with Keithly 2420 serves 
as the electronic tester and light path controller. And one-sun of illumination 
(1 kW/m
2
) is provided as the light source in the photoconduction measurement 














Chapter 3 Study on the mechanism of 
CZTS phase decomposition 
 
3.1 Introduction 
In this chapter, thermal decomposition of CZTS is studied by comparative 
annealing under various temperatures and heat field directions. Phase 
transformations and elemental distributions in the annealed samples are 
measured. Kinetic analysis is carried out on individual metal elements (Sn and 
Cu) to give activation parameters in this complicated degradation process and 
further understandings on the basic decomposition mechanisms in CZTS are 
also obtained. 
The following will be found from the research work in this chapter. During the 
Sn losses, we observe an unexpected two-mode vaporization process 
(equimolar and isobaric modes) on the front surface of the annealed samples, 
indicating different values of the molar enthalpy change in different 
temperature ranges under a given total pressure. In addition, studies on the 
back surface of the hot plate annealed samples reveal that a constant SnS loss 
would trigger the decomposition of CZTS system. Meanwhile, the 
recondensation of SnS at the back sides under a self-generated atmosphere 
indicates possible negative side-effects of annealing CZTS in a SnS rich 














also discovered. This provides another oxidizing process which could balance 




 and possible non-uniform oxidative environments 
generated at elevated temperatures. During these transformations, a Cu-Zn 
separation along the heat field (Cu accumulated at the hot part and Zn at the 
cold part) is present in different annealing conditions.  
 
3.2 Experimental details   
CZTS powder samples were prepared through a chemical solution pyrolysis 
method discussed in Chapter 2. Then, the powder was pressed to round pellets 
with a diameter of 1cm for further experiments.  
 
 
Figure 3.1 Schematic representation of the annealing environments for (a) tube 
furnace (TF) and (b) hot plate (HP). 
 
In order to introduce different heat fields, a tube furnace and a specially 
designed hot plate were used to anneal the pellet samples at different 




furnace tube and the hot plate were pumped by a turbo pump (Pfeiffer) with 
the pressure monitored by a vacuum gauge (Edwards). 
In the tube furnace, an isotropic surrounded heat field was applied to the pellet 
(see Figure 3.1a). On the hot plate, a unidirectional field was applied to the 
pellet with the back surface contacting the plate (see Figure 3.1b). The 
temperatures of the heating sources, the ceramic tube surface of the furnace 
and the surface of the hot plate, were measured by standard k-type thermal 
couples. In both cases, the annealing ambient pressure was controlled to be 
around 10
-1
Pa, which was similar to the equilibrium vapor pressure of SnS 
around 800K. No additional S or SnS vapor was added into the annealing 
chambers.  
 
3.3 Results and discussion   
3.3.1. Characterization of as-prepared CZTS powders  
Before the annealing experiments, the as-prepared samples were characterized 
to confirm the single CZTS phase. The XRD pattern is presented in Figure 
3.2(a). The diffraction peaks agree well with the kesterite CZTS (JCPDS 
#00-026-0575). As the tetragonal Cu2SnS3 and cubic ZnS share similar XRD 
pattern with CZTS, a Raman spectrum was used to exclude these phases as 
shown in Figure 3.2(b). The peak located at 334cm
-1
 belongs to CZTS phase 





Figure 3.2 (a) XRD pattern; (b) Raman spectrum; (c) HR-TEM image and (d) 
Electron diffraction pattern of as-prepared CZTS sample. 
 
The HR-TEM image and electron diffraction pattern of the CZTS powder are 
shown in Figure 3.2(c) and (d). The rings in the diffraction patterns can be 
assigned as the (112), (220), (312) planes of CZTS, which reveals a 
polycrystalline nature of the material. In addition, a clear lattice fringe with 
interplanar spacing of 3.1Å resolved as (112) lattice fringe was observed in 
Figure 3.2(c). These results are also consistent with the XRD patterns. Besides, 
the elemental ratios of Cu/(Zn+Sn), Zn/Sn and S/(Cu+Zn+Sn) determined by 
EDX were 1.02, 1.09 and 0.97, which were close to the expected 






Figure 3.3 High-resolution XPS spectra of the CZTS sample. 
 
Besides, the expected oxidation states of the elements in the Cu2ZnSnS4 
sample are confirmed by high-resolution XPS analysis in Figure 3.3. The XPS 
data are just as measured. No fitting or smoothing is applied. The copper 2p 
spectrum shows two narrow and symmetric peaks at 932 and 951.8 eV, 
indicative of Cu(I) with a peak splitting of 19.8 eV. The zinc 2p peaks located 
at 1021.8 and 1044.8 eV show a peak separation of 23 eV, consistent with the 
standard splitting of 22.97 eV, suggesting Zn(II). The tin 3d5/2 peaks located at 
486.9 and 495.4 eV, and a peak splitting of 8.5 eV indicates Sn(IV). The sulfur 
2p3/2 and 2p1/2 peaks in the spectra are located at 161.7 and 162.8 eV, which 
are consistent with the 160-164 eV range expected for S in sulfide phases. The 
results are consistent with literature. [29, 112] 
 
3.3.2. Annealing under isotropic surrounded heat fields 
The pellet samples were annealed at 623K, 673K, 723K, 773K, 823K, and 
873K with an isotropic surrounded heat field in the tube furnace. The XRD 





Figure 3.4 XRD patterns of (a) as-annealed and (b) TF-sanded samples at 
723K, 773K and 823K, respectively. 
 
The EDX measurement was performed to assist the identification of different 
phases. The samples only containing Zn and S are marked as ZnS phase, while 
those containing Cu, Zn, Sn and S are marked as CZTS phase regardless of 
any possible elemental ratio deviation. At 723K, other than the CZTS phase 
(PDF 26-0675), a CuS phase (PDF 65-3561) was formed which changed to 
sulfur deficient phases, such as Cu9S8 (PDF 36-0379), Cu39S28 (36-0380) and 
Cu2-xS (PDF 02-1292), at higher temperatures of 773K and 823K. The 
observation of copper sulfides is not new as surface Cu-S phase precipitations 
were often reported in the near stoichiometric CZTS. [57-59] Nevertheless, its 
separation mechanism was not well understood before, and in this chapter it 
will be discussed by our decomposition model later. By gently wiping the 
sample surface using a very fine sand paper (P320A), the upper blue CuSx 
layer was removed easily. After removing the top layers, the samples (denoted 
as TF-sanded) were again characterized by XRD as shown in Figure 3.4(b). 




CZTS/ZnS and Cu-S phases at 773K and finally a pure ZnS phase at 823K. 




Figure 3.5 SEM images of (a) cross-section of as-annealed pellet and (c) 
surface sanded pellet with EDX-mapping on elements Sn, Cu and Zn at 723K, 
(b) as-annealed and (d) sanded surfaces with EDX patterns as inserts at 873K, 
respectively. 
 
The SEM images of the cross section and the plan-view of the surface 
removed sample for the 723K annealed CZTS pellet were presented in Figure 
3.5(a) and (c). Consistent with the XRD analysis, the pellet was found to be 
covered by a dense CuS layer (see Figure 3.5a). After removing the CuS layer, 
some big grains were observed to be embedded in the bulk CZTS layer (see 




SEM images of the surface and inner part of the sample annealed at 873K 
were shown in Figure 3.5(b) and (d). The surface was found to be a bulk Cu-S 
layer and the inside part was consist of pure ZnS grains, which were 
confirmed by EDX measurement as shown in the inserts of Figure 3.5(b) and 
(d). 
 
3.3.3. Decomposition model  
Considering the experimental observations discussed above, we would like to 
propose a reaction model to describe the basic decomposition mechanisms of 
CZTS material under a directional heat field. The decomposition of CZTS 
compound could be divided into several independent reactions distinguished 
by different metal species and reaction natures so that we can separate one 
complex transformation to several manageable processes. First, the 
decomposition should be originated near the surface and metal species need to 
dissociate from CZTS matrix and move to the reactive area. Although metal 
vacancies are expected to be formed at their original sites, we do not take 
account of these vacancies until the elements leave the material system as gas 
phases, because the transfer of later dissociated species would make these 
vacancies effectively occupied. No change in valance state of each metal is 
considered here. This is denoted as reaction type I in reaction 1-3, as seen 




summarized as . The oxidizing and reducing reactions made possible changes 
to the oxidation states for Sn and Cu, which is set as reaction type II in 
reactions 4 and 5. Holes and electrons are used as positive and negative charge 
units here. Another reaction concerning Cu vacancy or CuZn antisite and free 
hole is also categorized as type II in reaction 6. This could be the major hole 
generating process in our material, since they are considered as the dominant 
acceptor defects in our materials. [13, 63] Lastly, the transition of SnS 
between solid and vapor phases (reaction 7) is given as reaction type III. The 
reactions involving each metal-species would occur successively. To complete 
the reaction series, the changes of oxidation and state of sulfur are combined 
in one reaction (reaction 8).  Zn is known as the least active metal in these 
material reactions, and therefore we use Zn as the reference to normalize other 
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                                         (3-1) 
where R, T, G* and C are the ideal gas constant, absolute temperature, 
standard Gibbs free energy of activation and a constant, respectively. The 
value of exponent n is dependent on the particular nature of a reaction. Type I 
(reaction 1-3) and type II (reaction 4-6) reactions could be governed by 
activated complex theory (n=1) and fast reaction theory (n=0), 
respectively.[116, 117] And type III reaction (7) follows Hertz-Langmuir 
vaporization theory with n=-1/2. [118]  








                                     (3-2) 
in which H* and S* are molar enthalpy and entropy of activation, 
respectively. 
From the reactions (1, 4 and 7) and the equations (3-1 and 3-2), the 
decomposition rate for Sn species can be written as 
1 2 3
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Thus the amount of metal species () moving out from the surface during a 
given time (t) could be expressed by 
k t                                                      (3-5) 
That leaves the residual amount of metal species () expressed as 
 1                                                    (3-6) 
Substituting equation 3-5 in 3-6 and taking the natural logarithm, we obtain 
ln(1 ) ln ln( )k t                                           (3-7) 
Substituting equations 3-3 and 3-4 into 3-7 gives 
1
ln(1 ) / ln
2
Sn SnH RT T
                                   (3-8) 
for Sn-species with 1 2 3=Sn Sn Sn SnH H H H
      and 
ln(1 ) / lnCu CuH RT T
                                    (3-9) 
for Cu-species with  1 2=Cu Cu CuH H H
   .  
The elemental ratios of 2Cu/Zn (Cu) and Sn/Zn (Sn) on the samples after 
surface removal (TF-sanded) were listed in Table 3.1. It was found that the 
surface beneath the Cu-S layer was Cu and Sn deficient. Cu and Sn decreased 
with temperature increasing, and finally became a pure ZnS phase. By 
utilizing the basic discussion and kinetic derivation (equations 3-8 and 3-9), 
we obtain plots of ln(1-Sn)-1/2ln(T) and ln(1-Cu)-ln(T) with respect to 1/T in 




Table 3.1 Normalized elemental ratio of Sn/Zn (Sn) and 2Cu/Zn (Cu) of the 
samples annealed in tube furnace after surface removement (TF-sanded) and 
the front (HP-front) and back (HP-back) surfaces of the samples annealed in 
hot plate at different temperatures (K). The surfaces of the HP-back samples 
below 823K are uniform, while three regions with various elemental ratios 




Figure 3.6 Arrhenius plots for (a) Sn loss and (b) Cu loss from the surface of 
TF-sanded samples. 
 
For the Sn loss through the vaporization of SnS, the plot could be well fitted 
by two linear equations, which indicates a co-occurrence of two vaporization 
modes (equimolar and isobaric modes) in this process. These two modes could 
be distinguished by the relationship between the external pressure (Pext) and 




Pext  Peqp for isobaric mode. [119-121] Pext in this work is 10
-1
Pa, and the 
ideal temperature (T0) that keeps the Peqp of SnS equivalent to Pext (10
-1
Pa) is 
about 800K (1/T =12.5×10
-4
). [122] The mode transition temperature (Ttra) 
could be obtained by the intersection of these two lines. The product -R×, 
where  is the slope of the fitted line, gives molar enthalpy change (HSn

) 
values, with L and HSnL
 
for the low temperature region and H and HSnH

  
for the high temperature region. For the Cu species, the data could be fitted by 




  and 
HCu

 are presented in Table 3.2 for further discussion.  
With a uniformly surrounded heat field directed towards the sample surface 
(see Figure 3.1a) in the tube furnace, we could clearly see a Sn loss trough a 
two-mode process. A Cu-Zn separation with the Cu-S phases on the pellet 






Figure 3.7 Schematic demonstration of the decomposition process of CZTS in 
vacuum (a) Original composition of CZTS, (b) Sn and S loss under a 
downward directed heat field, (c) migrations of ions and vacancies in the 
decomposed material and (d) phase segregation of Cu rich and Zn rich species. 
 
In order to demonstrate the process of CZTS decomposition under a 
directional heat field, the projection of keterite CZTS lattice on (100) plane is 
plotted in Figure 3.7(a) and considered as the start of the decomposition. 
Volatile SnS and S2 will be vaporized and result in many vacancies near the 
hot top surface area when a downward directed heat field is applied (see 
Figure 3.7b), which can be described by reaction 1, 4 and 8. Meanwhile, the 
hole concentration at the hot area should be higher than the cold part. The 
reaction described by reaction 6 could be considered as the major hole 
generating process. Therefore, the hot surface turns to be a more oxidative 
area with many vacancies that could create easy paths for Cu transfer.  




Zn is very small (50meV) in CZTS. [4] Thus, it is reasonable for Cu
1+
 (low 
oxidation state) ions to move from the interior cold area to the hot surface part 
through Cu-Zn and Cu-Vacancy exchanges. Then, they are oxidized to Cu
2+
 by 
further sulfurization of a continuous sulfur flow decomposed from the beneath 
layer and consume extra holes. During these transformations, the top surface 
will become Cu rich leaving a beneath Zn rich surface with void space in 
between (see Figure 3.7c). Finally, the re-crystallizations occur in both Cu rich 
and Zn rich regions to reduce the total system energy, resulting in the Cu-Zn 
phase separation (see Figure 3.7d).     
 
3.3.4. Annealing under a unidirectional heat field  
In order to check the model proposed above, we introduced a unidirectional 
heat field by a hot plate placed in a vacuum sealed chamber (see Figure 3.1b) 
to anneal the CZTS pellet samples. In addition to the SnS loss, the model also 
predicts a Zn rich front surface and a Cu rich back surface under an upward 
directed heat field in this case.  
The EDX analysis results of metal elemental ratios on both the sides of the hot 
plate annealed sample (HP-front and HP-back) were listed in Table 3.1. For 
the cold front surface, Sn and Cu decreased with temperature increasing from 
623K to 873K, which agrees with the prediction of the model. The XRD 




presented in Figure 3.8(a). The CZTS (PDF 26-0675) and ZnS (PDF 39-1363) 
phases were measured on the front surface of 723K and 873K annealed 
samples, which is also consistent with the elemental ratios characterized by 
EDX (see Table 3.1).  
 
 
Figure 3.8 XRD patterns of (a) HP-front and (b) HP-back surfaces of the 
samples annealed at 723K and 873K, respectively. 
 
 
Figure 3.9 SEM images of front surfaces at (a) 723K and (b) 873K and back 
surfaces at (c) 723K and (d) 873K of the samples annealed in hot plate. EDX 
elemental mapping of (c) and magnified SEM images of different areas in (d) 




The SEM images of these two sample surfaces were shown in Figure 3.9(a) 
and (b). The surface particle size and porosity of the sample annealed at 873K 
are larger than the one annealed at 723K. The porosity could be resulted from 
the vaporization of SnS and S2 and the movement of Cu species as indicated in 
the model. The residual Zn rich phase will grow bigger, which can be 
confirmed by the decreased peak full width at half maximum (see Figure 
3.8a).  
Plots of ln(1-Sn)-1/2ln(T) and ln(1-Cu)-ln(T) with respect to 1/T for the 
HP-front surface were presented in Figure 3.10.  Similar to the TF-sanded 
sample, the Sn loss on the surface of the HP-front sample undergoes a 
two-mode transition and the transition temperature difference (Ttra-T0) and 




 ) extracted from the slopes of the 
fitted lines were shown in Table 3.2. A linear fitting was also obtained for the 
Cu-species and its molar enthalpy changes (HCu

) was listed in Table 3.2, 
too.  
 




  and HCu

  for the 







Figure 3.10 Arrhenius plots for (a) Sn loss and (b) Cu loss from front surface 
of the samples annealed in hot plate (HP-front). 
 
The experimentally determined mode-transition temperatures (Ttra) in both 
cases are smaller than the ideal one (T0) in Table 3.2. The external pressure 
(Pext) in the experiment is the total pressure of the gas products and 
background atmosphere, thus the partial pressure of the gaseous products (SnS 
or S2) should be smaller than Pext. A shift of the ideal transition temperature 
(T0) to a lower temperature should be considered, when we make use of the 
equilibrium vapour pressure of SnS (Peqp). It is reasonable to obtain smaller 
mode-transition temperatures in this work and the exact Ttra value may vary in 
different conditions (such as the existence of the surface CuS layers). In both 
cases, the total molar enthalpy changes at a low temperature region (HSnL

) 
are similar but much larger than their counterparts at a high temperature region 
(HSnH

), which indicates a significant decomposition energy barrier decrease 
when the temperature increased above T0. At a high temperature region, the 
HSnH

  value of the TF-sanded sample is smaller than the HP-front one, 
which may be resulted from the interaction of the Sn loss with the Cu 




same transfer direction with the Sn species and could create more vacancies to 
assist Sn transport. While for the HP-front one, Cu needs to move downward, 
which has an opposite direction with the Sn species and may block the Sn 
movement. Due to the same reason, the total molar enthalpy change of 
Cu-species (HCu

) for HP-front sample should be bigger than the TF-sanded 
case.  
For the back surface, an upward bending of the samples occurred at elevated 
temperature that left the round edge contacted with the plate, generating a 
dome-like space between the back surface and the plate. This deformation is 
unexpected, though it fortunately provides more decent insights to the 
decomposition mechanisms.  
From the XRD patterns shown in Figure 3.8(b), instead of the Cu-S phases 
appeared on the hot surface of the TF-annealed sample, the Sn-S and CZTS 
phases were found on the HP-back sample at 723K. Correspondingly, square 
shaped crystallites were observed on the back surface of the sample (see 
Figure 3.9c), which were confirmed to be SnS by EDX elemental mapping. 
This SnS phase did not appear on the sample annealed at 873K, while a Zn-S 
and Cu-S phase segregation upon the radial direction was observed (see Figure 
3.9d). A dense Cu-S phase at the edge area (I), a Zn-S phase at the central area 
(III) and a mixed Cu-Zn-S phase at the area (II) near the edge of the pellet 
were analyzed by SEM and EDX. In this case, the edge is the hot end due to 




central part. Applying the decomposition model proposed above, the hot edge 
should have Cu rich phases and the centre should have Zn rich phases. There 
is still a good match between the experimental phenomena and the model. 
There is only ZnS phase (PDF 39-1363) detected in the XRD pattern (see 
Figure 3.8b), because the effective measured area was the central part (III). 
In Table 3.1, the Cu values of the HP-back samples from 623K to 773K were 
just around 1. But at 823K and 873K, the Cu can be divided to several values 
in different areas. The Sn value increased above 1 from 623K to 773K, and 
then dropped sharply when the temperature exceeded 773K.  
 
 
Figure 3.11 Plots of ln with respect to 104/T for (a) Sn and (b) Cu on back 
surface of the samples annealed in hot plate. 
 
To illustrate the above change, plots of lnSn and lnCu with respect to 1/T 
were presented in Figure 3.11(a) and (b), respectively. The vapor pressure 
curve of SnS and 10
4
/T0 (vertical dot line) were also plotted in Figure 3.11(a). 
The lnSn data were divided into two regions by T0, lnSn>0 when T<T0 and 
lnSn<0 when T>T0. When T<T0, the total pressure near the back surface is 




within the self-generated space, so the SnS vapor could condense back onto 
the pellet surface. When T>T0, the total pressure becomes smaller than Peqp, so 
the SnS will be vaporized and eliminated from the sample. This process agrees 
well with the established congruent dissociative vaporization (CDV) 
decomposition mechanism. [120]  
The lnCu data were also divided into two parts by T0, lnCu≈0 when T<T0 and 
a segregation to Cu-poor and Cu-rich regions when T>T0. Before a severe 
vaporization loss of SnS, the lnCu did not change significantly and the whole 
CZTS system was relatively stable. It is the effective SnS loss that triggers and 
exaggerates the decomposition of CZTS. Therefore, it is important to include 
some SnS vapor in the annealing environment. These conclusions are also 
consistent with others’ experimental observations. [55, 56]  
 
3.4 Conclusion   
Heat field stimulated decomposition reactions in CZTS were studied through a 
systematic annealing experiment in this chapter. Isotropic surrounded and 
unidirectional heat fields were realized by using a tube furnace and a specially 
designed hot plate, respectively. The decomposition kinetic analysis 
demonstrated an equimolar-isobaric mode transition during the process of Sn 
loss. A self-generated SnS contained atmosphere was found to be helpful to 




samples indicated possible negative influences of an over saturated SnS 
ambiance. Thus, a relatively high total pressure and carefully controlled SnS 
concentration are required to keep CZTS stable and avoid possible SnS 
condensation in any post-annealing treatment. Besides, a Cu-Zn separation 
was observed along the applied heat field with Cu-S phases appeared near the 










 that would compensate the reduction variations, like the 




 and the unbalanced carrier generation.   
A decomposition reaction model of CZTS under the directional heat field was 
also proposed in this work. The degradation process initiated from Sn-S loss 
and non-uniform carrier redistribution under an elevated temperature gradient. 
Cu
1+
 ions were found transferring to the hot end of the sample through 
exchanging with Zn and vacancies. They can be oxidized to Cu
2+
 by the 
sulfurization of later decomposed sulfur and balance the carrier concentration 
and other oxidation state changes. Further losses of SnS and S2 would 
exaggerate these transformations and finally realize a Cu-Zn separation.  
Finally, according to these understandings of the decomposition mechanisms 
in CZTS, a film deposition method is proposed, which includes a low 






Chapter 4 Study on the mechanism of 
secondary phase formation in CZTSSe 
films 
 
4.1 Introduction  
Principally, a dense CZTS film is required for a solar cell fabrication. However, 
the CZTS material synthesized by the chemical route used in this work is hard to 
form a high quality film to prepare a solar cell. Therefore, the vacuum deposition 
is introduced in this Chapter and later to prepare CZTS based films. Following 
the film deposition strategy obtained from the studies in Chapter 3, the phase 
formation issues in Cu-Zn-Sn-S-Se system are explored in this chapter by 
using low temperature co-evaporated precursors with relatively high pressure 
annealing treatments. Different binary secondary phases are unsurprisingly 
detected when the precursors are prepared with different metal ratios. 
However, the preferred aggregation locations of different impurities turn to be 
unexpected and interesting, CuxSe and SnSe on the top surface and ZnS at the 
bottom of the film. Then, a temperature dependent annealing study is 
conducted to reveal the formation processes. After that, an optimum CZTSSe 
film growing pathway can be obtained after careful identifications and study 
of morphologies and phases in different temperature annealed samples. A 




thermodynamic calculations that provide convincing explanations for the 
experimental phenomena including secondary phase formation, phase reaction 
sequences and impurity segregations. The knowledge achieved can help us 
understand this CZTSSe system better for improving film deposition designs 
to control and minimize secondary phases, which are very important in 
achieving promising film structures for CZTSSe solar cells.  
 
4.2 Experimental details  
Cu2ZnSn(S,Se)4 films were deposited through a co-evaporated Cu-Zn-Sn-S 
precursor with post selenization route. Three effusion cell sources of 
Cu(99.9999%, Alfa Aesar), Sn(99.999%, Maylontech) and ZnS(99.995%, Alfa 
Aesar) were simultaneously evaporated with a temperature accuracy of 1°C. 
The elemental ratios were adjusted by individual temperature controls. The 
substrate is bare glasses without Mo-coating in this chapter to avoid the 
confusion from possible decomposition reactions of CZTS(e) with Mo, 
because Mo was proposed to be the cause of phase segregation at bottom of 
CZTSSe film. [123] The glasses were cleaned in an ultrasonic bath with Micro 
90 solution (Sigma-Aldrich), acetone, ethanol and DI water and then dried by 
blowing N2 gas before loading into the vacuum chamber. The substrate was 
not deliberately heated during deposition and the temperature was around 




evaporated atoms. The background pressure of the chamber was <5×10
-5
Pa 
and the working pressure was around 1×10
-3
Pa. Four types of precursors were 
prepared, which are Sn rich, Sn poor, Zn rich and ratio right according to their 
compositions.  
The post-selenization was carried out in a tube furnace equipped with a 
vacuum pump and Ar gas flow. The tube was firstly pumped for 30 minutes 
and filled with Ar gas, and then pumped again for 30 minutes to purge air. The 
Cu-Zn-Sn-S precursors were sealed in a graphite box together with Se powder 
(99.999%, Aldrich). The four precursors were annealed at 520°C for 10 min in 
Ar gas with a pressure around 1×10
5
Pa. In order to reduce artificial 
disturbance to the precursors, no extra SnS(e) was introduced and the 
elimination of the SnS(e) loss is achieved by relatively high pressure and short 
time annealing based on the discussions presented in Chapter 3. The right ratio 
sample underwent an additional annealing at 280°C, 340°C, 400°C, 460°C and 
520°C for 10 min. The heating rate was 20°C/min and the samples were 
cooled down naturally.  
 
4.3 Results and discussion   
4.3.1 Characterization of Cu-Zn-Sn-S precursors  
Cu-Zn-Sn-S precursor films were prepared with different elemental ratios by 




elemental ratios of four precursors are listed in Table 4.1. According to their 
compositions, they are named as ratio right, Sn rich, Sn poor and Zn rich, 
respectively. The ratio right sample is presented as the representative of these 
precursors and characterized as shown in Figure 4.1.  
 
Table 4.1 Elemental ratios of ratio right, Sn rich, Sn poor and Zn rich 
precursors (Pre-Se) and selenized samples (Aft-Se) determined by top view 




Figure 4.1 (a) Top-view SEM, (b) XRD pattern and (c) Cross-section view 
SEM and EDX elemental mapping of the as-deposited ratio right precursor 
sample.  
 
Figure 4.1(a) and (c) show the surface and cross-section morphologies and 
elemental EDX mappings of the as-deposited ratio right sample, which reveals 
a dense film of about 650nm thick with a uniform distribution of Cu, Sn, Zn 




can be indexed as Cu3Sn (PDF #01-1240) and Cu6Sn5 (PDF #45-1488) alloy 
phases. Another wide peak at around 28.6° is correlated to ZnS phase (PDF 
#65-0309). 
Thermodynamic analysis can generally determine phase stability and 
preference of particular reactions. Ideal theoretical thermodynamic simulations 
on the phase and defects formation of CZTS(e) have been conducted to 
provide much information on their properties. [13, 124-126] Otherwise, 
calculations based on experimental thermodynamic parameters can also give 
practical judgments of certain reactions to understand existing phenomena and 
guide further adjustment. [127, 128] To clarify the calculation, one example 
reaction is proposed by equation (4-1): 
A B C D                                                (4-1) 
in which A and B are reactants and C and D are products. If the standard molar 
enthalpy (H298
0
), standard molar entropy (S298
0
), phase transition temperature 
(Ttr) and transition enthalpy change (Htr) for all reactants and products are 
known, we can calculate the relationship of the Gibbs free energy change of 
this reaction (GT
0
) with temperature as follows, [129] 
0 0 0
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                              (4-2) 
in which 
0 0 0 0 0
298 298, 298, 298, 298,( ) ( )C D A BH H H H H      
0 0 0 0 0









represents the total phase transition enthalpy change. When it is product, + is 
applied and when it is reactant, - is applied. It should be noted that the first 
approach calculation of Gibbs-Helmholtz equation is used here, which 
assumes no specific reaction heat change at a constant pressure. Theoretically, 
the accuracy of this approach is acceptable to analyze reactions. [127, 129] 
For the reaction that involves one vapor phase reactant (product), the 







                                            (4-3) 
in which R is the ideal gas constant. In our cases, the phase formation 
reactions generally involve one vapor item during post sulfurization (S) or 
selenization (Se). Therefore, a temperature dependent equilibrium S(e) vapor 
pressure (PS(e)) curve can be deduced by combining equations (4-2) and (4-3), 
that will provide straight forward connections to the experimental conditions.  
 
Figure 4.2 Calculated equilibrium S2 vapor pressure versus temperature for the 




To understand the formation of the phases of Cu-Sn alloys and ZnS in the 
as-grown precursor film, let us analyze these three metal sulfurization 
reactions. The reactions are presented as R1-3 in Table 4.2, and the reaction 
Gibbs free energy change (ΔG) is also calculated using corresponding 
thermodynamic data according to equation (4-2). Furthermore, temperature 
dependent curves of S2 pressure over sulfide products are plotted in Figure 4.2 
based on equation (4-3). The equilibrium S2 pressure over ZnS is far lower 
than those over Cu2S and SnS, indicating that Zn is much easier to be 
sulfurized than Cu and Sn under the same S2 pressure. This can interpret why 
only Zn becomes a sulfide phase in our S deficient Cu-Zn-Sn-S precursors, 
and the other two metals exist as alloy forms. 
 
Table 4.2 Related Sulfurization and selenization reactions and their Gibbs free 
energy change within the temperature range of 513~813K. Data used to 





4.3.2 Analysis of the selenized samples with different compositions  
 
Figure 4.3 Top view and cross-section view SEM images and EDX mappings 
of the selenized samples, (a) Sn rich, (b) Sn poor, (c) Zn rich and (d) ratio 
right.  
 
Figure 4.3 shows SEM images and elemental mappings of the (a) Sn rich, (b) 
Sn poor, (c) Zn rich and (d) ratio right product samples after selenization at 
520°C, in which T and C represent top view and cross-section view. The 
thickness of these samples is controlled around 1.5~2.0m. XRD and Raman 





Figure 4.4 XRD patterns of Sn rich, Sn poor, Zn rich and ratio right samples. 
 
 
Figure 4.5 Raman patterns of the Sn rich, Sn poor, Zn rich and ratio right 
samples.  
 
For Sn rich sample, some particles can be found on the surface and the EDX 
mappings reveal that they are Sn rich in Figure 4.3(a). In the XRD pattern of 
this sample, a peak belonging to SnSe phase (PDF #53-0527) at 31.2° can be 






confirming the SnSe phase. [136, 137] Cu, Zn and Sn are evenly distributed in 
the film (see Figure 4.3a). Its XRD pattern shows diffractions peaks at 27.5° 
and 45.5°, which are in between the pure CZTS (28.5° and 47.3°) and CZTSe 







 match the reported CZTSSe phase. [138, 139] The peak at 184cm
-1
 is 
between the major peaks of Cu2SnSe3 (178cm
-1
) and CZTSSe 
(206cm
-1
).[138-140] After the analysis of EDX (see Table 4.1), XRD and 
Raman results, the Sn rich sample appears consisting of a major Zn poor 
CZTSSe phase and SnSe surface precipitations. The appearance of a solid 
SnSe secondary phase on the surface also indicates that the selenization 
conditions can effectively suppress Sn loss during annealing, because Sn loss 
has been known in the form of SnSe vaporization.  
For the Sn poor sample, faceted Cu rich crystals are observed at the surface 
from both the top view and cross-section view of SEM images and EDX 
mappings as seen in Figure 4.3(b). Besides, Zn and S rich areas are also 
formed near the bottom. Its XRD curve has peaks belonging to CuSe (PDF 
#65-3562), Cu7Se4 (PDF #26-0557) and ZnS (PDF #65-0309) phases. The 
main part of the film is still CZTSSe phase with diffraction peaks at 27.6° and 











 and the surface CuxSe phase with 
peaks around 263cm
-1
. [137, 141] The absence of ZnS phase in Raman pattern 




blocking of signals by the upper layers. Therefore, the Sn poor sample has a 
bulk CZTSSe layer but with CuxSe impurities at the top surface and ZnS phase 
at the bottom interface.  
For the Zn rich sample, the top surface has a uniform elemental distribution 
without any secondary phase segregation as shown in Figure 4.3(c) top view. 
However, the cross-section view demonstrates a Zn and S rich area near the 
bottom, similar to the Sn poor sample. At the same time, the XRD and Raman 
results consistently support the SEM and EDX characterization by exhibiting a 
CZTSSe plus ZnS phase in Figures 4.4 and 4.5. It is also noted that the ZnS 
phase is not detected in Raman spectrum, and the reason is referred to the 
discussion for the Sn poor sample. The Zn rich film is made up of a dense 
CZTSSe layer with ZnS segregations at the bottom. 
 
 






For the ratio right (near stoichiometric) sample, its relative metal ratios in 
Table 4.1 have little change before and after selenization, which once more 
indicates a negligible metal loss during annealing. No matter on the surface or 
along the depth, the film has uniform elemental distributions and clean front 
and back surfaces without any impurity phases (see Figure 4.3d). Its XRD and 
Raman patterns both reveal a pure CZTSSe phase in this sample. Besides, the 
Rietveld-refinement is applied to simulate the XRD data to check the 
quantitative elemental analysis by EDX as shown in Figure 4.6. [142] The 
diffraction data obtained from the ratio right sample is well fitted by the 
structure of CZTSe with 1/4 Se replaced by S, which agrees with the measured 
elemental ratios in Table 4.1. A tetragonal structure with lattice parameters 
a=0.5640nm and c=1.137nm that is just between the values of pure CZTSe 
(PDF #52-0868) and CZTS (PDF #26-0575 ) crystal lattices is also revealed 
by the refinement results.    
Figure 4.7 shows cross-section TEM images of (a) ratio right and (b) Sn poor 
samples. In addition, the elemental distributions along the depth are measured 
by energy dispersive X-ray spectroscopy with a scanning transmission 
electron microscopy (STEM) mode. In Figure 4.7(a), all the elements are 
evenly distributed through the whole thickness with a Cu:Zn:Sn:S:Se ratio of 
about 2:1:1:1:3, which is consistent with the XRD refinement results in Figure 
4.6. Besides, the single crystal diffraction patterns in Figure 4.7(a1) and (a2) 




#26-0575) and CZTSe (PDF #52-0868) structures. The HR-TEM images in 
Figure 4.7(a1h) and (a2h) show clear lattice fringes at areas I and II in the ratio 
right sample, and the lattice fringe values of 0.3247 and 0.5663nm correspond 
to (112) and (001) planes of the CZTSSe3 crystal, in good agreement with the 
refined data of the XRD profile (see Figure 4.6). In Figure 4.7(b), the 
elemental analysis shows a Zn and S rich phase near the bottom (left side) of 
the Sn poor sample. Both the electron diffraction pattern and the lattice fringes 
in HR-TEM image together with relative plane indexes and spacing (see 
Figure 4.7b1 and b1h) demonstrate a cubic ZnS phase (PDF #65-0309). In the 
central part of the Sn poor sample, all the elements distribute uniformly with 
the ratio of Cu:Zn:Sn:S:Se around 2:1:1:1:3. Within this region, the electron 
diffraction pattern and HR-TEM image (see Figure 4.7b2 and b2h) of the 
selected area II also indicate a similar CZTSSe3 structure. The increased Cu 
and Se signals (at the right side) in the EDX profile in Figure 4.7(b) suggests a 
Cu and Se rich phase formation near the top surface of the Sn poor sample. 
The electron diffraction pattern of area III in this region shows a CuSe phase 
(PDF #65-3562) with corresponding plane indexes in Figure 4.7(b3). In 
summary, from the detailed phase and elemental analysis on the ratio right and 
the Sn poor samples through electron diffraction, HR-TEM and EDX with 
STEM, we confirm the observations and results obtained from the SEM, XRD 






Figure 4.7 Cross-sectional TEM images (with the glass (G) substrate on the 
left side) and EDX elemental scans of (a) the ratio right and (b) the Sn poor 
samples. Electron diffraction patterns of (a1) selected area I and (a2) II in ratio 
right sample and (b1) I, (b2) II and (b3) III in Sn poor sample. High resolution 
(HR)-TEM images of area (a1h) I and (a2h) II in ratio right sample and (b1h) I 
and (b2h) II in Sn poor sample. 
 
From the above results through comparing the metal ratios in the precursors 
(pre-Se) and the annealed samples (aft-Se) in Table 4.1, it is clear that 
secondary phases are easily formed during selenization if the ratio is deviated 
from stoichiometric in a precursor film. Once there is a secondary phase, the 
Cu and Sn rich phases are tend to accumulate at the front surface, but the Zn 
rich phases lay down at the back surface. These findings are significant in 
guiding the improvement of CZTSSe solar cells, as a knowledge of the 




removal approaches. For those top surface secondary phases, it is easier to find 
some chemical etching processes to remove them. [59, 143-146] For the back 
interface impurity, like ZnS in this case, it may be more difficult. 
Unfortunately, Zn rich conditions are preferred to achieve high efficient cells 
for the CZTS(e) system. In addition, the similarity of the phase character and 
some uncertainties of the quantitative elemental measurement and phase 
identification will make the problem even worse. To address this issue, we 
need to explore the phase formation mechanisms of CZTSSe, from which we 
may find out ways to control the secondary phases.  
 
4.3.3 Analysis of the temperature dependent selenized 
near-stoichiometric samples  
To find out the reaction mechanism, the selenization process of the ratio right 
precursor is performed at different temperatures (280°C, 340°C, 400°C, 460°C 
and 520°C), while the annealing pressure and time remain the same for all the 
samples.  
For the 280°C annealed sample, some big particles are found embedding in a 
continuous layer in shown Figure 4.8(a). The particles are identified to be Cu 
and Se rich, and Zn and S have almost full coverage in the beneath layer. 






Figure 4.8 Top view and cross-section view SEM and EDX mapping of the 
selenized ratio right film at different temperatures of (a) 280°C, (b) 340°C, (c) 
400°C and (d) 460°C. 
 
 
Figure 4.9 XRD patterns of the selenized ratio right film annealed at 280°C, 






Figure 4.10 Raman spectra of the selenized ratio right precursor annealed at 
280°C, 340°C, 400°C and 460°C. 
 
In Figure 4.9, the XRD pattern of this sample shows a strong peak at 31.3°, 
which can be indexed as Cu7Se4 phase (PDF #26-0557). There are several 
peaks belonging to Sn metal phase (PDF #65-0296). Small peaks 
corresponding to the ZnS and CuSe phases are also observed. The phases 
detected match the elemental analysis quite well. Besides, its Raman spectrum 
(see Figure 4.10) reveals the existence of CuxSe phase by a strong peak 
located around 263cm
-1







hardly indexed to a specific phase, but it will be seen later that their changing 
trends in higher temperature samples indicate that those peaks come from the 
initial state of the formation of selenide/sulfide CZTSSe compound. However, 
these phases were not well crystallized, since it shows no clear peaks in the 
XRD pattern. It is also possible to have a ZnS phase peak at 350cm
-1




hump of the Raman curve. Therefore, the 280°C annealed sample contains big 
CuxSe grains, certain less crystallized CZTSSe compounds and a ZnS 
continuous layer mixed with Sn metal phase.  
For the 340°C annealed sample, big CuxSe grains and continuous ZnS layer 
still appear in the sample as shown in Figure 4.8(b). Some areas covered with 
small grains are formed in this sample instead of a much smoother beneath 
layer in the 280°C sample (see Figure 4.8a and b). The EDX mapping pattern 
of Sn remains similar to the 280°C sample, but the signal for Se comes out 
from the same areas, demonstrating that Sn also gets selenized. And the 
continuous beneath layer becomes more dominant rather than a thin layer in 
the 280°C sample in the cross-section view and there are regions containing 
all the Cu, Zn, Sn, S and Se signals, indicating the existence of CZTSSe 
phases. Unsurprisingly, its XRD pattern exhibits the peaks for CZTSSe, 
Cu7Se4, CuSe, SnSe and ZnS phases but the metal Sn phase disappears. The 
Raman spectrum also shows dominant peaks of the CuSe and CZTSSe phases, 
and the main peak for CZTSSe in this sample (200cm
-1
) has a higher 
wavenumber than that in the 280°C sample (194cm
-1
). This trend will be seen 
to go on in the next samples till an ideal value around 205cm
-1
 is reached in 
the 520°C sample (see Figure 4.5). The shift can be attributed to the increased 
crystal growth of CZTSSe grains and the gradual elemental adjustment during 
the annealing. [138, 139] 




disappear, but the small grains become more as shown in Figure 4.8(c) T-view. 
And these areas are Cu, Sn and Se rich and Zn poor, revealing Cu and Sn 
species are mixed together with deficient Zn species to form Zn poor CZTSSe 
phases near the surface. From the cross-section view, the film becomes more 
uniform than the lower temperature treated samples. Although the unbalanced 
metal elemental distributions are all through the film, much less big binary 
grains can be found in this sample. In the XRD pattern, the strong peak at 
31.3°for Cu7Se4 phase is not observed. Except for the dominant CZTSSe 
diffraction peaks, small peaks for SnSe, CuxSe and ZnS phases also contribute 
to the XRD pattern in Figure 4.9. Meanwhile, almost all the Raman shifts can 
be assigned to the CZTSSe phase, which suggests a limited detectable 
secondary phases in a reduced area. After all, the 400°C sample is composed 
of mainly CZTSSe with certain sparsely distributed secondary phases.   
For the 460°C annealed sample, the film turns to be more uniform with closely 
packed grains around 1m at the surface shown in Figure 4.8(d). In the 
cross-section view, a more uniform film can be observed, although a bulk 
layer near the surface and a less dense layer with smaller grains near the 
bottom are also detected. Similar bi-layered CZTS(e) films were also observed 
in some reports. [147-149] When checking the elemental mappings, the metal 
elements generally spread evenly in the film. However, S and Se have a 
layered structure that matches the SEM cross-section image. It implies that the 




rich layer. The diffraction peaks for the CZTSSe phase in Figure 4.9 show 
asymmetric shapes that represent lattice derivation within the film due to the 
layered S and Se concentrations. Little secondary phases’ peaks are detected in 
the XRD pattern. The Raman peaks can also be assigned to the CZTSSe phase, 
and the main peak at 203cm
-1
 becomes narrower and sharper suggesting an 
increased crystallization of the film. Thus, a bulk CZTSSe film with a 
thickness around 1.6m is formed but with a clear layered S and Se dispersion 
in the 460°C annealed sample.  
The 520°C annealed sample has already been discussed as the ratio right 
sample. A pure CZTSSe bulk film was characterized in Figures 4.3(d), 4.4 and 
4.5. When tracing back the temperature dependent series, the peaks 
corresponding to the CZTSSe peaks in the XRD pattern move to smaller 
angles with a higher temperature, which is caused by the increased Se 
incorporation during temperature increasing. The main CZTSSe Raman peak 
around 200cm
-1
 undergoes a shift towards larger wavenumbers with a higher 
temperature, which indicates an increased S(e) incorporation into the CZTSSe 
system with temperature increasing. Both characterizations indicate the same 
phase coalescence process from two different directions as demonstrated in 
Figure 4.8. Han et al. [150] reported the crystallization behavior of CZTS 
samples, showing detailed phase formation procedure, i.e. starting from binary 
or ternary phases at lower temperature and growing to CZTS phase at a high 




and develop downward to the bottom, similar to our CZTSSe system. A 
critical temperature about 500°C is needed to eliminate bi-layers and form 
bulk CZTS films, similar to our CZTSSe system. 
 
4.3.4 Reaction thermodynamics analysis  
 
Figure 4.11 Calculated equilibrium Se2 vapor pressure versus temperature for 
the selenization reactions of Cu, Sn, Zn, Cu3Sn, Cu6Sn5 and ZnS. 
 
To clarify the mechanisms behind the experimental phenomena discussed 
above, detailed reaction thermodynamic analysis is carried out. The 
equilibrium Se2 vapor pressures during selenization reactions of Cu, Sn, Zn, 
Cu3Sn, Cu6Sn5 and ZnS are plotted in Figure 4.11 referring to the reactions 
(R4-9) and corresponding Gibbs free energy changes are also listed in Table 
4.2. Although the pressure-temperature curve for selenization of Zn is the 




the highest pressure position meaning this reaction is the most difficult one 
(see Figure 4.11). The experimental results also support this prediction that 
ZnS phase (instead of ZnSe) is always detected no matter in the lower 
temperature annealed ratio right sample or Zn rich samples, because Zn is 
already sulfurized in the precursors (see Figure 4.1b). It is also noted that Sn 
has a lower pressure curve than Cu, suggesting the elemental Sn should be 
easier to be selenized than Cu. However, Sn metal phase and CuxSe phases are 
found in the 280°C annealed sample and SnSe phase shows up in higher 
temperature samples, which contradicts the thermodynamic prediction. When 
we check the as deposited precursor film, Cu and Sn are in the alloy forms 
(Cu3Sn and Cu6Sn5) instead of elemental metals in Figure 4.1(b). Thus, the 
curves for selenization of Cu3Sn and Cu6Sn5 are also represented in Figure 
4.11. They lie much lower than the curves of element Cu and Sn, so it 
becomes reasonable to find CuxSe phases prior to SnSe phase in the 
experiments (see Figures 4.8-4.10).  
In order to study the formation of phases, the equilibrium pressure curves for 
SnSe2, Cu2SnSe3, CZTS and CZTSe are plotted together with Cu2Se and ZnSe 
in Figure 4.12 according to the reactions R10-16 and thermodynamic 
calculations in Table 4.2. It should be pointed out that the experimental 
thermodynamic parameters for CZTS and CZTSe have not been available so 
far, so the calculation is based on the computer simulated values in literatures. 




the real experimental values, the curves for CZTS and CZTSe are extended to 
two bands, which are also calibrated by reported experimental results. [127]  
 
 
Figure 4.12 Calculated equilibrium S(e)2 vapor pressure versus temperature 
for the formation reactions of Cu2Se, SnSe2, ZnSe, Cu2SnSe3, CZTS and 
CZTSe. 
 
Normally, the pressure curves for CZTS(e) are above relevant binary or 
ternary selenides, but these curves will approach each other with temperature 
increasing. At relatively lower temperatures, a mix of binary selenides could 
have lower total energy. With temperature increasing, they are going to 
combine and form CZTS(e). The temperature dependent annealing 
experimental results are in good agreement with this thermodynamic 
indication. For CZTS and CZTSe, there is a bigger difference in the 
equilibrium pressure at a lower temperature, and they get closer and overlap at 
a relatively high temperature, which can be the reason for the formation of a 




temperature. From the experimental aspect, the annealing temperature should 
be above 500°C to achieve good quality CZTS(e) films, [123, 151, 152] which 
is also confirmed by the results and thermodynamic analysis in this chapter.  
 
4.4 Conclusion   
CZTSSe films with various compositions have been prepared through a 
co-evaporated Cu-Sn-Zn-S precursor and post selenization route, which 
successfully solved the Sn loss problem. Different secondary phases were 
detected at different locations, i.e. CuxSe and SnSe on the top surface and ZnS 
at the bottom interface. In order to explore the formation mechanism of 
CZTSSe film, a temperature dependent annealing study was performed on a 
near-stoichiometric precursor, which provides experimental observation on the 
phase formation procedure of CZTSSe phase. The crystal growth starts from 
binary metal selenides/sulfides formation, and then these grains coalesce with 
each other to form multi-component phases. During this process, the 
temperature is found playing an important role to drive the element 
distributions and crystal growth and an elevated temperature (normally above 
500°C) is required to obtain a high quality CZTS(e) film. Besides, 
thermodynamic analysis is applied to related sulfurization and selenization 
reactions, which not only supports the experimental results but also leads to a 
better understanding of the reaction mechanisms of impurity segregation.  
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Chapter 5 Study on the impacts of sulfur 




In the previous chapter, the influences of metal ratios in precursor films on the 
film growth, especially secondary phase segregation, were studied. In this 
chapter, the effects of sulfur incorporation into the precursor films on the 
CZTSSe films will be explored. Growth models are proposed to demonstrate 
the film formation mechanisms based on the temperature dependent 
selenization studies of the sulfur free and sulfur contained precursors. In 
contrast to the sulfur free precursor, the sulfur incorporated precursor is 
surprisingly found to result in a significantly thinner Mo(S,Se)2 layer and an 
improved interface between the CZTSSe layer and Mo substrate. Experimental 
evidences on film adhesion and mechanical properties of CZTSSe films are 
also provided. A dramatically enhanced film adhesion and elastic modulus 
values close to the simulation results from the literature are achieved in the 
sulfur incorporated sample. The relationships between the precursor 
adjustments, interfacial structures and mechanical performances of the 
CZTSSe films are also revealed in this chapter.      
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5.2 Experimental details 
Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S,Se)4 films were prepared on Mo-coated 
glasses through a thermal co-evaporation and post-selenization route. 
Although different preparation conditions of the Mo substrate can affect the 
absorber layers and their interfaces, it is still the most widely used substrate in 
the CIGS and CZTS based solar cells. In addition, studies of the CZTS based 
absorber layers are emphasized in this work and in order to eliminate the 
possible impacts of the substrates and to make the experimental conditions for 
the CZTS based layers comparable, the commercial Mo coated glass was 
selected as the substrate. Two precursor films with different sulfur contents 
were obtained by using two different sets of sources, i.e. Cu+Sn+Zn and 
Cu+Sn+ZnS. For each precursor film, stoichiometric ratios of metallic 
elements were obtained by controlling the temperature of each source. These 
two precursors were selenized in one container at different annealing 
temperatures of 280°C, 340°C, 460°C, 520°C, 580°C, 630°C and 680°C. 
Besides, considering the possible variations of the properties of absorber 
layers and their interfaces with the Mo substrates resulted from different Se 
amounts in the annealing atmosphere, the same amount of Se (8mg) was used 
in each annealing batch. Further studies on the 580°C selenized sulfur free (S0) 
and sulfur contained (SI) samples were carried out to reveal their interfacial 
differences and mechanical performances. 
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5.3 Results and discussion 
5.3.1 Characterization of the precursor films 
 
Figure 5.1 (a1) and (b1) SEM images, (a2) and (b2) XRD patterns, (a3) and 
(b3) Raman patterns and (a4) and (b4) EDX analysis of the sulfur free and 
sulfur contained precursor films, respectively. 
 
The surface morphologies of the sulfur free and sulfur contained precursor 
films are presented in Figure 5.1(a1) and (b1). A uniform surface consisting of 
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distinct sphere-like particles is characterized for the sulfur free precursor film.  
While the sulfur contained precursor exhibits a more compact surface 
constructed by agglomerated particles, which might be due to the reduced 
crystallinity resulted from sulfur incorporation.  
The XRD patterns of these two precursors are shown in Figure 5.1(a2) and 
(b2). In addition to the peak belonging to the Mo substrate, metallic peaks 
refer to the phases of Cu3Sn (PDF #01-1240), Cu6Sn5 (PDF #45-1488), 
Cu5Zn8 (PDF #25-1228 and 41-1435) and Sn (PDF #65-7657 and 65-2631) are 
detected in the sulfur free precursor film in Figure 5.1(a2). For the sulfur 
contained precursor, diffraction peaks from the metallic Cu3Sn (PDF #01-1240 
and 65-4653), CuSn (PDF #06-0621 and 44-1477) and Cu (PDF #65-9743) 
phases and a broad hump representing a possible ZnS phase (PDF #65-1691) 
are observed in Figure 5.1(b2). In Figure 5.1(a3), there is no characteristic 
Raman shift peak in the sulfur free precursor. But a broad peak at about 
340cm
-1
 is detected in Figure 5.1(b3) indicating the existence of certain sulfide 
compound in the sulfur contained precursor. The elemental compositions of 
these two precursors are analyzed by EDX in Figure 5.1(a4) and (b4). The 
relevant metal ratios of Cu/(Zn+Sn) and Zn/Sn are 0.99 and 1.06 in the sulfur 
free precursor and 0.96 and 1.11 in sulfur contained precursor, which are near 
the stoichiometry for the CZTS(e) phase.  
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5.3.2 Temperature dependent selenization of the sulfur free 
precursor  
The top view SEM images, XRD patterns, Raman patterns and cross-section 
view SEM images with EDX elemental mappings of the selenized samples at 
annealing temperatures of 280°C, 340°C, 460°C, 520°C, 580°C and 630°C for 
the sulfur free precursors are presented in Figures 5.2-5.4, respectively.  
 
 
Figure 5.2 Top-view SEM images of annealed samples after selenization at (a1) 
280°C, (a2) 340°C, (a3) 460°C, (a4) 520°C, (a5) 580°C and (a6) 630°C for the 
sulfur free precursor, respectively. 
 
 
Figure 5.3 (a) XRD and (b) Raman patterns of the annealed sulfur free sample 
at 280°C, 340°C, 460°C, 520°C, 580°C and 630°C. 
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For the sample annealed at 280°C, some randomly distributed grains are found 
on the surface in Figure 5.2(a1). In Figure 5.3(a), in addition to the diffraction 
peaks referring to the metallic phases in its precursor and Mo substrate, the 
peak around 27.1° indicates a CZTSe, Cu2SnSe3 or ZnSe phase. Furthermore, 
its Raman shift peak at 250cm
-1
 suggests a ZnSe phase in Figure 5.3(b). [153] 
Accordingly, the elemental mappings in Figure 5.4(a) also reveal a Zn and Se 
rich region in the top layer, which, together with the XRD and Raman results, 
confirms that Zn is selenized to form a ZnSe layer near the surface at 280°C. 
 
 
Figure 5.4 Cross-section view SEM images and EDX mappings of the 
annealed sulfur free samples at (a) 280°C, (b) 340°C, (c) 460°C, (d) 520°C, (e) 
580°C and (f) 630°C. 
 
For the sample annealed at 340°C, big faceted grains with size over several 
micrometers appear on the surface in Figure 5.2(a2). In Figure 5.3(a), the 
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diffraction peaks around 26.6°, 30.6°, 31.1° and 46.0° can be indexed to the 
CuSex phases (PDF #06-0680, 20-1020 and 27-0184) and the peaks at 27.1°, 
28.1° and 45.1° belong to a possible CZTSe, Cu2SnS3 or ZnSe phase. In 
addition, other small peaks from the metallic precursor still remain in this 
sample. The existence of the CuSex phases is also indicated by its Raman shift 
peak at 260cm
-1





 demonstrate a CZTSe phase. [156] By viewing the 
elemental mappings across the depth of the sample in Figure 5.4(b), it is found 
that the big gains are Cu and Se rich. There are also areas consist of Cu, Zn Sn 
and Se, indicating the CZTSe phase as suggested by the XRD and Raman 
analysis, even though the metal elements are not very uniformly distributed. 
Therefore, together with those unselenized metallic phases, big CuSex grains 
are formed on the surface and the CZTSe phase also starts to appear in the 
sample annealed at 340°C. 
For the sample annealed at 460°C, a much more uniform surface without big 
CuSex grains is observed in Figure 5.2(a3). Besides the minor XRD peaks at 
48.6° representing the CuSex phase in Figure 5.3(a), the peaks at 27.1°, 28.1° 
35.3°, 36.2°, 42.8° and 45.1° belongs to the CZTSe phase. In addition, a broad 
peak around 31.7° reveals a MoSe2 phase (PDF #20-0705). Accordingly, 







detected in Figure 5.3(b). The peak at 260 cm
-1
 is much reduced in contrast to 
the sample annealed at 340°C, which comes to the same conclusion that the 
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CuSex phase is much reduced as the XRD and SEM suggested. In Figure 
5.4(c), a bulk film with EXD mapping signals of Cu, Zn, Sn and Se is detected, 
which indicates the formation of CZTSe phase. At the same time, a Se and Mo 
rich layer is formed between the CZTSe layer and the Mo substrate, 
representing the MoSe2 phase revealed by XRD in Figure 5.3(a). Combining 
all these analysis, we can conclude that the CZTSe phase becomes dominant 
in the sample annealed at 460°C, and an additional MoSe2 layer is formed at 
the back contact interface.  
For the sample annealed at 520°C, a uniform surface without secondary phase 
grains is shown in Figure 5.2(a4). Its XRD pattern shows a combination of 
CZTSe, MoSe2 and Mo phases in Figure 5.3(a). In Figure 5.3(b), a CZTSe 
phase is also detected by Raman. The cross-section view SEM and elemental 
mappings in Figure 5.4(d) just support the results obtained by XRD and 
Raman. It is noted that there is no detectable secondary phases in this sample 
compared with the sample annealed at 460°C.  
For the sample annealed at 580°C, the SEM image in Figure 5.2(a5) shows 
bigger CZTSe grains than the sample annealed at 520°C. The XRD, Raman, 
and cross-section view SEM and EDX mappings (see Figures 5.3 and 5.4e) 
give similar phase identification with the sample annealed at 520°C. 
Meanwhile, the degenerated MoSe2 layer and voids make the back interface 
even more blurred. 
For the sample annealed at 630°C, a decomposed surface with different 
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characteristic phases is observed in Figure 5.2(a6). Meanwhile, the diffraction 
peaks representing the CuSex phases at 26.3°, 26.6° and 31.1°, the CZTSe, 
Cu2SnSe3 or ZnSe phase around 27.2°, 28.1° and 45.2°and the SnSex phases 
(PDF #23-0602) around 44.1° and 47.5°Can be addressed in Figure 5.3(a). A 
broad peak around 31.7° for MoSe2 and the peak at 40.5° for Mo are also 





from the CZTSe phase. The broad peak at about 200cm
-1
 can be attributed 





from SnSex and ZnSe phases, respectively. [158] The peak appears around 
393cm
-1
 is resulted from the MoSe2 phase. [159] Moreover, the elemental 
mappings in Figure 5.4(f) reveal different areas in the film containing Cu, Sn 
or Zn rich compositions, which are consistent with the XRD and Raman 
results.      
 
5.3.3 Temperature dependent selenization of the sulfur contained 
precursor 
The top view SEM images, XRD patterns, Raman patterns and cross-section 
view SEM images with EDX elemental mappings of the selenized samples at 
annealing temperatures of 280°C, 340°C, 460°C, 520°C, 580°C, 630°C and 
680°C for the sulfur contained precursors are presented in Figures 5.5-5.7, 
respectively. 





Figure 5.5 Top-view SEM images of annealed samples after selenization at (b1) 
280°C, (b2) 340°C, (b3) 460°C, (b4) 520°C, (b5) 580°C and (b6) 630°C and 
(b7) 680°C for the sulfur contained precursor, respectively. 
 
 
Figure 5.6 (a) XRD and (b) Raman patterns of the annealed sulfur contained 
sample at 280°C, 340°C, 460°C, 520°C, 580°C, 630°C and 680°C. 
 
For the sample annealed at 280°C, the XRD pattern in Figure 5.6(a) shows 
similar peaks as in its precursor, except for a small peak around 27.2° 





 in Figure 5.6(b) and a thin Se rich layer revealed by the EDX 
mappings in Figure 5.7(a) also suggest a selenide top layer formation. [27] It 
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should be pointed out that the energy positions for the element S and Mo are 
very close in EDX analysis, so there are always similar EDX mapping singles 
for these two elements. To address this issue, secondary ion mass spectroscopy 
(SIMS) will be introduced later to distinguish S and Mo.  
 
 
Figure 5.7 Cross-section view SEM images and EDX mappings of the 
annealed sulfur free samples at (a) 280°C, (b) 340°C, (c) 460°C, (d) 520°C, (e) 
580°C, (f) 630°C and (g) 680°C. 
 
For the sample annealed at 340°C, the surface grains in Figure 5.5(b2) grow 
bigger than the sample annealed at 280°C in Figure 5.5(b1). Dramatically 
increased signals for the CZTSSe phase are detected by XRD with diffraction 







 in Figure 5.6. In the XRD pattern, there is also a hump around 28.5° 
indicating an S rich phase. In addition, small XRD peaks at 30.5°, 31.2° and 
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47.5° and a Raman shift peak around 260cm
-1
 suggest the existence of CuSex 
phases. In Figure 5.7(b), a layered structure with a Cu, Sn and Se rich top 
layer and a Zn and S rich beneath layer is characterized by the cross-section 
view SEM images and EDX elemental mappings.  
For the sample annealed at 460°C, the surface grain size further increases as 
shown in Figure 5.5(b3). In Figure 5.6(a), the XRD peaks around 27.3° and 
45.3° referring to the Se rich CZTSSe phase and the humps around 28.0° and 
46.4° referring to the S rich CZTSSe phase approach each other, 
demonstrating a coalescent occurred between these two layers. And the XRD 
peak for the phase of Mo(SSe)2 around 31.8° is also detected. In Figure 5.7(c), 
the distributions of metal elements in the film become more uniform and the 
Se rich region goes deeper into the surface when comparing with the 340°C 
annealed sample. 
For the sample annealed at 520°C, the grain growth and recombination of Se 
and S rich layers continue. The XRD and Raman peak positions corresponding 
to the Se rich phases move towards larger values, which indicate more sulfur 
incorporation into the Se rich layers. In Figure 5.7(e), the metal elements are 
uniformly distributed through the film and the Se also penetrates deeper into 
the surface in contrast to the lower temperature annealed samples.   
For the samples annealed at 580°C and 630°C, much bigger grains are 
observed in Figure 5.5(b5) and (b6). In the XRD patterns of Figure 5.6(a), the 
Se rich and S rich peaks combine together to form single peaks at 27.5° and 
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45.7°, which can be indexed to the Cu2ZnSn(SxSe1-x)4 phase with x0.25 











 in Figure 5.6(b) also belong to the 
CZTSSe phase, in good agreement with the XRD results. In Figure 5.7(e) and 
(f), bulk CZTSSe layers with uniform elemental distributions are also 
characterized.  
For the sample annealed at 680°C, a decomposed film is observed in Figure 
5.5(b7). And its XRD and Raman results also reveal degraded secondary 
selenide and sulfide phases as shown in Figures 5.6. In addition, different 
metal element rich areas are found over its cross-section, confirming the film 
degradation as characterized by XRD and Raman.    
 
5.3.4 Interfacial characterization of the annealed samples from 
different precursors 
From above analysis, the samples annealed at 580°C from both sulfur free (S0) 
and sulfur contained (SI) precursors exhibit bulk CZTSe and CZTSSe layers 
with good phase consistence and elemental uniformity, so they are chosen to 
perform more detailed characterizations to explore the influences of the sulfur 
incorporation in precursor on the interface and mechanical properties.  
TEM and SAED analysis are carried out on the interfaces of S0 and SI as 
shown in Figure 5.8. The TEM images in Figure 5.8(aL) and (bL) manifest 
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interface characteristics consistent with the SEM images in Figure 5.4(e) and 
Figure 5.7(e). In Figure 5.8(aH), clear lattice fringes with a spacing value of 
0.509nm are observed near the bottom of the figure, which corresponds to the 
(101) plane of the CZTSe phase (PDF #52-0868). The fringes near the top area 
in Figure 5.8(aH) have a spacing value of 0.647nm, corresponding to the (002) 
plane of a hexagonal MoSe2 phase (PDF #77-1715). Taking SAED of the 
circled region in Figure 5.8(aL), the diffraction rings as shown in Figure 5.8(aD) 
can be indexed to the (002), (100) and (103) planes of the same MoSe2 phase, 
demonstrating that this MoSe2 layer is polycrystalline in nature.  
 
 
Figure 5.8 Low magnification TEM images of the back contact interface of (aL) 
S0 and (bL) SI, SAED patterns of (aD) S0 and (bD) SI from the circled areas in 
(aL) and (bL) and HR-TEM images of the areas in (aH) S0 and (bH) SI selected 
rectangle regions in (aL) and (bL), respectively. Areas representing Mo, 
CZTSe/CZTSSe and their interfaces are also indicated in (aL) and (bL). 
 
In Figure 5.8(bH), the lattice fringes near the top can be matched to Mo (PDF 
#89-5156) with a (110) plane spacing of 0.223nm. In the middle, a spacing 
value of 0.634nm is detected. This value lies in between the (002) plane 
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spacing values of the MoSe2 phase (0.646nm) and the MoS2 phase (0.615nm, 
PDF #77-1716), suggesting a sulfur incorporated MoSe2 phase within this 
layer. Similarly, a smaller fringe spacing value (0.324nm) near the bottom of 
the image compared to the (112) plane spacing (0.328nm) of the CZTSe phase 
indicates a hybrid CZTSSe phase due to sulfur incorporation. The SAED 
pattern of the circled region in Figure 5.8(bL) contains single crystal 
diffraction dots of the CZTSSe phase and polycrystalline diffraction rings for 
the Mo substrate as shown in Figure 5.8(bD). Due to the much smaller amount 
and poorer crystal quality of the Mo(S,Se)2 layer compared to the CZTSSe and 
Mo layers in the selected area, no obvious diffraction signals for the 
Mo(S,Se)2 phase were detected. In summary, the formation of a loose interface 
with a large void area and relatively thick MoSe2 layer (around 200nm) in S0 
and a compact interface with a much thinner Mo(S,Se)2 layer (around 25nm) 
in SI can be confirmed.  
 
 
Figure 5.9 SIMS elemental profiles of (a) S0 and (b) SI. 
 
The distribution of each element with respect to the sputtering time for S0 and 
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SI are characterized by SIMS and shown in Figure 5.9(a) and (b). Flat 
elemental profiles are observed across the CZTSe and CZTSSe layers for S0 
and SI accordingly. However, near the back contact interfaces, the curves for 
the elements of CZTSe in S0 show relatively gradual decrease in Figure 5.9(a), 
in contrast to much sharper drops in Figure 5.9(b) for SI, which are plausible 
when considering the interfacial characteristics revealed by SEM and TEM. In 
addition, a simultaneous change of S with other elements in the CZTSSe phase 
is detected. Meanwhile, an increased profiling signal for Mo starting from the 
back interface in Figure 5.9(b) just distinguishes Mo and S, which are mixed 
together in the EDX mappings.          
 
5.3.5 Selenization models of the CZTSSe films from different 
precursors 
According to the temperature dependent analysis on the phase and elemental 
distribution changes during the film formation from the sulfur free and sulfur 
contained precursors, growth models are proposed to demonstrate major steps 
in the film formation procedure for both cases in Figure 5.10. In Figure 
5.10(a1) and (b1), two different precursors are placed in a Se contained 
atmosphere. At lower annealing temperature, Zn element moves upward to 
form a ZnSe layer on the top of the sulfur free sample (see Figure 5.10a2). The 
smaller Se vapor pressure for the selenization of Zn in contrast to other 
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metallic or alloy species drives this reaction, which is discussed in Chapter 4. 
Meanwhile, for the sulfur contained precursor in Figure 5.10(b2), a Se rich 
CZTSSe layer is formed and the metal ions migration across the film is much 
suppressed, since they are already bonded with sulfur in the original precursor. 
 
Figure 5.10 Diagrammatic sketches of the CZTSe and CZTSSe film formation 
mechanisms from the (a1-5) sulfur free and (b1-5) sulfur contained precursors. 
 
When the temperature increases, intense Cu ion movements towards the film 
surface occur and big CuSex grains are formed as shown in Figure 5.10(a3). 
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Phases consisting of Cu, Sn, Zn and Se with various composition ratios also 
start to grow in the layer under the big CuSex grains. Drastic metal ion 
transport and exchange with Se across the entire film can result in some voids 
formation and generate easy access of Se to the Mo substrate, which will lead 
to a severe voids and MoSe2 layer formation. However, for the sulfur 
contained sample in Figure 5.10(b3), Se penetrates deeper into the film to 
form a thicker Se rich layer, and at the same time due to the deficient S content 
in the original precursor film, small CuSex grains can be detected on the 
surface and certain metal ion re-distribution also undergoes to make the upper 
Se rich layer also Sn rich and the beneath S rich layer with more Zn. Even 
though, the film growth generally develops through a layer propagation mode 
that allows gradual Se penetration to coalesce with the S rich layer. The Zn 
and S rich layer can act as a block in the path of Se moving towards Mo 
substrate, because the equivalent Se vapor pressure for the substitution of 
sulfur in Zn/S rich phase with selenium is relatively high as revealed in 
Chapter 4. In Figure 5.10(a4), when the annealing temperature enhances, the 
metal elements diffuse and different phases merge with each other that reduce 
the binary phases and generate a dominant CZTSe layer with more uniform 
elemental distribution for the sulfur free sample. Besides, significant substrate 
corrosion appears at the back contact interface, where a thick MoSe2 layer 
formed together with a large amount of voids. Comparatively, in the sulfur 
contained sample, Se rich layer expands downward and mixes with the S rich 
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layer further to form a hybrid CZTSSe film. Although no obvious Mo(SSe)2 
layer was observed by SEM and EDX mapping, the XRD and TEM results 
indicated that a thin Mo(SSe)2 layer is also formed at the back contact 
interface for the S contained sample. Finally, a bulk and uniform CZTSe or 
CZTSSe layer growth can be achieved at an elevated temperature (~500°C). 
Nevertheless, because of the unique formation procedure for each precursor 
discussed above, tremendously microstructural differences near the back 
contact interfaces are produced accordingly (see Figure 5.8a5 and b5).  
 
5.3.6 Mechanical performances of the annealed samples from 
different precursors 
 
Figure 5.11 Profiles of displacement into surface (D⊥) versus normal load (F⊥) 
of S0 and SI.   
 
By nano-scratch test, the profiles of displacement into surface (D⊥) with 
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respect to normal load (F⊥) for S0 and SI are plotted in Figure 5.11. The D⊥ 
value after the dramatic drop is just around the film thickness for each sample, 
suggesting that a film failure occurs near the film and substrate interface. [102] 
The critical normal load (FC) values for S0 and SI are recorded in Table 5.1, 
which can be used to evaluate the film adhesion performance. [104] The FC 
value of 9.2mN for sample S0 is much smaller than that of 17.2mN for sample 
SI, indicating poorer film adhesion properties in sample S0 than SI. It is noted 
that poor adhesion also appeared in the CIGS films prepared from metallic 
precursors. [160, 161]   
 
Table 5.1 Interface thickness (Ti), critical scratch load (FC), maximum 
indentation load (Pm), residual depth (hr), intercept depth (hp), hardness and 
elastic modulus from loading (HL and EL) and unloading (HU and EU) curves 
for samples S0 and SI. The modulus values are calculated under plain strain 
condition. The simulated modulus (ES) values in literature are also listed for 
comparison. [6, 81, 162] 
 
 
To study the elastic modulus (E) and hardness (H) of samples S0 and SI, their 
nano-indentation loading and unloading curves are measured and shown in 
Figure 5.12(a1) and (b1). A typical elastic-plastic loading curve is observed in 
sample SI. In contrast, a plastic-like behavior appears at the initial stage of the 
loading curve for S0, and the larger residual depth (hr) detected in the 
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unloading curve for S0 than SI also demonstrates that more plastic deformation 
occurred in S0 than in SI during the indentation measurement. [104]  
 
 
Figure 5.12 Load force (P) as a function of indentation depth (h) during 
loading and unloading tests for (a1) S0 and (b1) SI. Characteristic parameters, 
such as maximum load (Pm), residual depth (hr), intercept depth (hp) and 
stiffness determined from unloading curves (KU) are indicated in (a1) and (b1). 
Contact stiffness determined from loading curves (KL) with respect to 
indentation depth (h) for (a2) S0 and (b2) SI.  
 
Considering the diamond Berkovich-type indenter and the plain strain 















                                   (5-2) 
where Pm and hp are the maximum indentation load and the intercept depth as 
pointed out in Figure 5.12(a1) and (b1). A and  are the contact area and the 
geometry constant, equaling 24.5hp
2
 and 1.034 in this case, respectively. K is 
the stiffness that describes the deformation resistance of an object in response 
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to an applied force. The values of stiffness for S0 and SI are determined either 
from the initial stage of their unloading curves (KU) (see Figure 5.12a1 and b1)  
[106] or from the loading curve (KL) through a continuous stiffness 
measurement technique [163]. The variations of KL in response to indentation 
depth h for S0 and SI are shown in Figure 5.12(a2) and (b2). The larger KL 
values measured along the whole indentation depth in SI compared to S0 reveal 
the better ability of SI to resist deformation under an applied force than S0. 
Additionally, the near linear relationship between KL and h in Figure 5.12(b2) 
can confirm the uniformity of sample SI. [163] In Figure 5.12(a2) however, a 
critical turning point is observed for S0, suggesting the existence of different 
deformation behaviors. We believe that the loose interface in sample S0 
provides free space to allow easier irreversible deformation of the CZTSe 
layer, especially during the initial period of the indentation test. When the 
contact becomes tight, the elastic-plastic deformation behavior dominates and 
produces a different slope in the KL~h curve. The elastic modulus and 
hardness values measured from the unloading (EU and HU) and loading (EL 
and HL) curves of S0 and SI are listed in Table 5.1. Compared with the 
theoretically calculated modulus values for the Cu2ZnSn(SxSe1-x)4 (x=0~1) 
system in literature (see Table 5.1), [6, 81, 162] our measured values for SI are 
in good agreement, while the values for S0 are much smaller. According to 
equations (5-1) and (5-2), the smaller measured values of hardness and 
modulus values in S0 are attributed to the smaller Pm, larger hp and smaller K, 
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which are caused by its loose interface as discussed above. Therefore, the 
interface microstructures not only determine the film adhesion performances 
but also have crucial influence on the modulus and hardness measurements.  
5.4 Conclusion 
CZTSe and CZTSSe films were prepared through selenization of thermally 
co-evaporated metallic and partially sulfurized precursors. The influences of 
sulfur in precursor on the film growth were carefully studied by comparative 
temperature dependent selenization experiments. In addition, film formation 
models were proposed to demonstrate the detailed growth steps and the 
reasons for the different back contact interfaces. Intense metal atom migrations 
across the film were found to form binary grains prior to the effective CZTSe 
phase formation during selenization of the metallic precursor. Meanwhile, the 
Mo substrate was found severely corroded and a thick MoSe2 layer was 
formed. On the other hand, the sulfur incorporation in the original precursor 
was found to suppress the metal ion migrations and result in a layered film 
growth procedure, which also reduced the formation of Mo(SSe)2 layer. 
Although bulk CZTSe and CZTSSe films can be obtained from both sulfur 
free and sulfur contained precursors, a coherent and compact interface in the 
sulfur contained sample and a loose interface with a thick MoSe2 and voids 
layer in the sulfur free sample were observed.  
Due to their different interfacial structures, the CZTSe film prepared from a 
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sulfur free precursor was found to possess poor film adhesion and highly 
underestimated elastic modulus values. In contrast, the sulfur incorporated 
sample possessed a much better film adhesion and comparable elastic modulus 
values to the theoretical simulation. Due to their better mechanical properties, 
sulfur contained precursors are found more favorable to be used to fabricate 
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Chapter 6 Fabrication of CZTSSe based 
photovoltaic device  
 
6.1 Introduction 
Based on the studies of previous chapters, understandings of the formation 
mechanisms of CZTS based films have been achieved. Bulk CZTSSe films 
have also been successfully deposited on Mo coated glass substrates. In this 
chapter, CZTSSe films based photovoltaic devices will be prepared and 
characterized. Due to a relative short developing history and complicated 
technologies and layers involved in this device system, interfacial engineering 
and parameter optimization have not been well established so far. In this 
chapter, results on the device performance are provided and a device with an 
efficiency of 5.2% is achieved. It should be mentioned that the device 
fabrication is preliminary, and further studies on device modifications and 
characterizations will be arranged in future work.  
 
6.2 Experimental details 
Commercially available Mo-coated glasses were applied as the substrate with 
a size of 2.5cm3cm. CZTSSe films are prepared on the Mo-coated glass 
through a co-evaporation of precursors with post-selenization procedure as 
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discussed in Chapter 5.   
A CdS layer is deposited on the CZTSSe layer by chemical bath deposition 
(CBD). An aqueous precursor solution was prepared using cadmium chloride 
(CdCl2, >98%), thiourea (SC(NH2)2, >99%) and ammonia (NH3H2O, 24%). 
According to literatures on the CBD-CdS growth for CIGS solar cells, 
[164-167] a 50mL precursor solution contained 2.5mL CdCl2 (0.1mol/L), 5mL 
thiourea (0.5mol/L), 10mL ammonia (24%) and DI water was prepared with a 
pH value around 11. The CZTSSe/Mo sample was rinsed by DI water before 
CdS deposition. Then the sample was immerged into the precursor and moved 
to a water bath for CdS deposition at 80°C for 12min. After CdS growth, the 
sample was dried by N2 blowing and transferred into a vacuum chamber.  
ZnO and ITO layers were deposited on the top of the prepared 
CdS/CZTSSe/Mo by rf-magnetron sputtering at room temperature. The 
background vacuum of the chamber was pumped to 710-7Torr. The working 
pressure, power and time were 1.210-2Torr, 60W and 50min to respectively 
achieve a ~50nm thick ZnO layer. For the ITO layer, a ~250nm thick film was 
obtained at the working pressure of 3.610-3Torr, power of 110W and 
deposition time of 22min. Next, the device was heated up to 150°C for 5min 
in air and then mechanically divided into small cells with a size of 
0.3cm0.4cm.  
Finally, the indium metal contact was prepared on each cell as front electrode 
for device characterizations. The active area of each cell is around 0.1cm
2
.  
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6.3 Results and discussion 
6.3.1 Mo Substrate and CZTSSe film 
The XRD pattern of the Mo coated glass shown in Figure 6.1(a) reveals a 
metallic Mo phase with a (110) preferred orientation. Besides, a smooth and 
compact surface of the Mo substrate is observed in Figure 6.1(b) and its 
thickness is around 300nm as demonstrated in Figure 6.1(c).  
 
 
Figure 6.1 (a) XRD pattern, (b) top view and (c) cross-section view SEM 
images of the Mo substrate. 
 
The CZTSSe layer is prepared on the Mo substrate from a sulfur contained 
precursor by selenization at 580°C. The top view and cross-section view SEM 
images of the deposited CZTSSe film are shown in Figure 6.2. The size of the 
surface grains is in micrometers range, and the cross-section reveals a dense 
and compact layer with good adhesion with the Mo substrate. 
 




Figure 6.2 (a) Top view and (b) cross-section view SEM images of the 
prepared CZTSSe film on Mo substrate. 
 
6.3.2 CdS layer 
 
Figure 6.3 SEM image of the CdS layer deposited on the CZTSSe film. 
 
In Figure 6.3, a CdS layer consisting of small grains with a size around 15nm 
is formed to cover the CZTSSe layer. Similar morphologies of such CdS layer 
can be found in literature for CIGS based solar cells. [168]   
 
 
Figure 6.4 High-resolution XPS spectra of the CdS layer. 
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To examine whether the CdS layer forms a full coverage on the CZTSSe layer, 
XPS analysis is performed on this CdS layer as shown in Figure 6.4. The XPS 




 can be found in Figure 6.4. Otherwise, the 







CZTSSe layer are not detected, which indicates an effective coverage of this 
CdS layer.   
 
6.3.3 ZnO and ITO layers 
Generally, a low sheet resistance and a high transmittance in the visible light 
region are required for a transparent conducting layer, allowing incident 
sunlight to pass through and carriers to conduct effectively. [22] An average 
transmittance of around 85% in the visible light region in Figure 6.5 and a 
sheet resistance of ~20/ are achieved for our ITO/ZnO layer, which are 
acceptable for a photovoltaic device. 
 
 
Figure 6.5 Transmittance spectrum of the prepared ITO/ZnO layer.  
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6.3.4 Characterization of the CZTSSe based solar cell  
 
Figure 6.6 J-V curves of Mo/CZTSSe/CdS/ZnO/ITO thin film solar cell under 
dark and light illumination. 
 
Light J–V and dark J–V measurements of our best CZTSSe based solar cell 
are shown in Figure 6.6. This device yields a power conversion efficiency () 
of 5.2% with an active area of 0.1cm
2
. The detailed device parameters of this 
device together with the record CZTSSe and CIGSSe based solar cells are 
listed in Table 6.1 for comparison. [47, 169] The short-circuit current density 
(Jsc) of our device is 33.8 mA/cm
2
, comparable with those record cells. 
However, the open-circuit voltage (Voc) of 262.4mV is much smaller than the 
record CZTSSe (513.4mV) and CIGSSe (730mV) cells. The fill factor (FF) of 
our device (56%) is also smaller than those of champion cells (69.8% for 
CZTSSe cell and 77.7% for CIGSSe cell). The series resistance (Rs) of 21 in 
our cell is also larger than the record cells. But the shunt resistance (Rsh) value 
of our cell is bigger than those record cells, which is considered good for the 
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performance of a solar cell. Therefore, the major shortages of our cell 
compared with the record cells are the smaller Voc and larger Rs. One possible 
reason for the low photovoltage is the recombination that provides pathways 
to eliminate photo-generated electrons and holes and reduce the amount of 
charges that can be built-up at the opposite sides of a p-n junction. The 
intrinsic defects, band gap tailing and secondary phases are considered as the 
origins to activate the recombination in the CZTS based solar cells. Although 
the CdS contact works well for the CIGS based solar cells, the bandgap 
mismatch and interfacial states between the CZTS based layer and CdS layer 
could also be the other possible reason for the low photovoltage. 
 
Table 6.1 Device characteristics, power conversion efficiency (), short-circuit 
current density (Jsc), open-circuit voltage (Voc), fill factor (FF), series 
resistance (Rs) and shunt resistance (Rsh), of our best CZTSSe solar cell 
(B-CZTSSe) compared to a record CZTSSe cell from IBM (IBM-CZTSSe) 
[47] and a record CIGSSe cell reported by ZSW (ZSW-CIGSSe) [169].  
 
6.4 Conclusion 
CZTSSe based solar cell devices were fabricated by sequential deposition of 
CZTSSe, CdS, ZnO and ITO layers on Mo coated glass substrates. 
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Characterization of each layer was carried out to demonstrate suitable 
properties for a solar cell. A successful device was achieved with a power 
conversion efficiency of 5.2%. Its small open-circuit voltage and large series 
resistance were revealed as the major problems that limit its efficiency. 
Although the performances of this device are worse than the reported devices 
now, device improvements are expected by deeper analysis on the materials 
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Chapter 7 Conclusion and future work 
 
7.1 Conclusion 
In order to develop low cost photovoltaic materials, CZTS based films were 
attracted increasing attention due to their comparable properties with the 
successful CIGS system. However, severe phase stability issues arise in the 
CZTS system, which makes it a challenge to grow high quality CZTS based 
films and degrades their device performances. In this thesis, the phase 
formation mechanisms and film growth procedures were extensively explored 
by carefully designed experiments and theoretical analysis. The major 
conclusions are summarized in several aspects as following.    
1. By studying the decomposition of CZTS, in addition to the expected 
phenomena of Sn losses, deeper understandings of the phase degradation 
mechanisms and indications on the formation conditions of a stable CZTS 
based material were achieved. For the Sn loss, an equimolar-isobaric mode 
transition was demonstrated in this study, suggesting the decomposition of 
CZTS initiated from a temperature and pressure dependent vaporization 
procedure. A relatively high annealing pressure was employed and the 
suppression of Sn loss was achieved, even when a higher temperature is 
needed to activate effective grain growth.  
Furthermore, an interesting Cu-Zn separation and valance state change of 
Chapter 7  
118 
 




 were revealed, which provided another 




 that would compensate the 




 during Sn loss procedure.  
2. A two-step film growth strategy, involving a low temperature precursor 
deposition and a high pressure post-annealing, was proposed. Following 
this strategy, CZTSSe films were successfully prepared by the selenization 
of co-evaporated Cu-Sn-Zn-S precursor in an Ar+Se atmosphere and the 
Sn loss problem was overcome. Different secondary phases were found at 
different locations in the CZTSSe films when the precursor films were 
with various metal contents. Through a temperature dependent annealing 
study on a near-stoichiometric precursor, the secondary phase segregation 
and CZTSSe phase formation procedures were revealed. Besides, 
convincing theoretical explanations on these phase formation mechanisms 
were obtained by thermodynamic analysis on the related sulfurization and 
selenization reactions.  
3. The impacts of sulfur incorporation in precursors on the growth of 
CZTSSe films were explored by a comparative temperature dependent 
annealing study on thermally co-evaporated metallic and sulfur contained 
precursors. It was found that binary grains were formed with intense metal 
atom migrations across the film prior to the effective CZTSe phase 
formation during selenization of the metallic precursor. Meanwhile, the 
Mo substrate was also found severely corroded and a thick MoSe2 layer 
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was formed. On the other hand, the sulfur incorporation in the original 
precursor was found to suppress the metal ion migrations and result in a 
layered film growth procedure, which also reduced the formation of 
Mo(SSe)2 layer.  
The CZTSe film prepared from the sulfur free precursor was found to 
possess poor film adhesion and highly underestimated elastic modulus 
values. In contrast, the sulfur incorporated sample possessed a much better 
film adhesion and comparable elastic modulus values to the theoretical 
simulation. These findings suggest that the partially sulfurized precursor 
was preferred for a CZTSSe based solar cell device fabrication.   
4. A CZTSSe based solar cell device with a power conversion efficiency of 
5.2% was achieved by sequential deposition of CZTSSe, CdS, ZnO and 
ITO layers on Mo coated glass substrates. The small open-circuit voltage 
and large series resistance were revealed as the major problems that limit 
the efficiency.  
7.2 Future work 
In this thesis, the major efforts were made to address the phase stability 
problems of CZTS based materials and explore the film formation 
mechanisms during post annealing treatment. Based on the understanding 
obtained in this work and literatures, there are several aspects regarding to the 
CZTS based films and device structures need to be discussed further. 
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1. Defects in CZTS based films  
The defects formation in CZTS based films is important, especially for the 
photovoltaic applications, because the electrical properties of these 
absorber layers are mainly determined by their intrinsic defects and hence 
the characteristics of the p-n junction are significantly influenced. [109] In 
another way, the defects also provide recombination sites for the 
photo-generated carrier pairs, greatly degrading the solar cell 
performances. [170] Although some theoretical simulation works have 
been carried out to study the defects in CZTS based materials, the defects 
formation mechanisms in real film samples have not been well established. 
In addition, the voids can also be considered as structural defects, which 
are also claimed to be harmful to a solar cell device. [25] However, the 
effects of these defects on the optoelectronic properties of CZTS based 
films and the methods to increase the preferred defects and passivate the 
unwanted defects are still unclear. Therefore, careful studies on the defects 
formation during film preparation and its consequences on the device 
performances are needed. 
2. Grain boundaries in CZTS based films  
Compared with the CIGS solar cells, similar grain size can be obtained in 
the case of CZTS. However, due to the different chemical composition of 
these two materials, the grain boundaries may exhibit quite different 
properties and these have important impacts on the device. [71, 171] As 
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very limited works have been reported on this issue, [171] the influences 
of compositional variations and fabrication procedures on the properties of 
grain boundaries are worthy of further study.  
3. Interfaces between CdS/CZTS/Mo layers  
Because the Mo substrate and CdS n-type contact work well in the CIGS 
solar cells and the device structure of CZTS based solar cells just follows 
CIGS so far, the interface matching between CZTS and Mo or CdS may 
have different performances from the CIGS case. For example, the contact 
between Mo and CZTS was claimed to trigger phase decomposition and 
create secondary phases, which did not occur in the CIGS case. [123] The 
detailed band alignments between CZTS and CdS and any surface or 
composition modifications’ influences on the band structures are not well 
studied. [172] In addition, environmental friendly layers are expected to 
substitute the toxic CdS layer. Furthermore, explorations on the interfacial 
performances generated by other different contact materials are also of 
great interests. A better understanding on the properties of the CZTSSe 
layer and its contacts with other layers is expected to improve the device 
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